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SUMMARY 
The fungal pathogen Sporisorium reilianum parasites maize at the seedling stage, then 
replaces the cob with spores, which causes a huge loss in corn production. Former studies 
showed that deletion of the gene cluster 19A in S. reilianum dramatically reduces 
virulence and leads to wilting of inoculated leaves. This study focussed on the 
identification of effectors in cluster 19A that modulate symptom formation of S. 
reilianum. Several effector-encoding genes were identified by subdeletion analysis of 
cluster 19A that affected virulence of the fungus on maize. However, only slight changes 
in virulence were observed in most single gene deletion mutants, possibly suggesting 
functional redundancy of effectors in S. reilianum. One effector (vag2, virulence 
associated gene 2) could be identified whose individual deletion led to a significant 
reduction in spore formation and an increase in leaf tip death of inoculated maize. 
Bioinformatic analysis predicted that Vag2 carries a signal pepetide for secretion at the 
N-terminus. A Vag2:GFP fusion did not complement the vag2 deletion phenotype. 
However, GFP fluorescence was observed around the fungal cells, indicating that 
Vag2:GFP may be secreted by the fungus. The vag2 deletion mutants colonized leaves 
and ears of its host plant, but also induced H2O2 production during penetration, and 
hyperproliferated at the penetration site. Yeast two-hybrid analysis identified different 
maize proteins as potential Vag2 interaction partners, including defense response proteins 
and metabolic enzymes. Interaction of Vag2 with the maize chorismate mutase (ZmCm2) 
in planta was confirmed by bimolecular fluorescence complementation. ZmCm2 is 
predicted to function in the production of prephenate from chorismate that is also a 
precursor for salicylic acid (SA). Interaction of Vag2 with ZmCm2 may alter the SA level 
in the host. Although no significant differences in SA level of wild-type and vag2 
deletion mutant-colonized leaves and ears could be observed, expression of the SA 
indicator genes PR1 and PR5 was induced in tissues colonized with vag2 deletion strains. 
Collectively, these data suggest that the S. reilianum effector Vag2 is secreted from 
fungal hyphae, may enter host cells, and may interfere with the host hormone balance, 
which suppresses host defense and supports full virulence of S. reilianum on maize.  
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ZUSAMMENFASSUNG 
Sporisorium reilianum ist ein biotropher Pilz, der Maispflanzen im Sämlingsstadium 
befällt, sich zunächst symptomlos in der Pflanze ausbreitet und im Blütengewebe zur 
Sporenbildung gelangt. Der Ersatz der Maiskörner durch Sporen führt zu großen 
Verlusten in der Maisproduktion. Frühere Studien zeigten, dass eine Deletion des 
Genclusters 19A in S. reilianum dessen Virulenz dramatisch reduziert und zum 
Verwelken von inokulierten Blättern führt. Diese Studie fokussierte sich auf die 
Identifikation von Effektoren in Cluster 19A, die die Ausbildung der Symptome von S. 
reilianum beeinflussen. Subdeletionen in Cluster 19A zeigten, dass viele für Effektoren 
kodierende Gene die Virulenz des Pilzes beeinflussen. Dabei zeigten Deletionen einzelner 
Gene nur einen geringen Effekt auf die Virulenz des Pilzes, was möglicherweise auf 
funktionale Redundanz schließen lässt. Die Deletion des Effektorgens vag2 (virulence 
associated gene 2) führte zu einer signifikanten Reduktion der Sporenbildung und zum 
vermehrten Auftreten von verwelkten Spitzen infizierter Blätter. Eine Vag2:GFP Fusion 
konnte die Deletion von vag2 nicht komplementieren. Jedoch konnte GFP-Fluoreszenz 
ausserhalb der Pilzzelle nachgewiesen werden, was die bioinformatische Vorhersage der 
Sekretionssignalsequenz stützt. vag2 Deletionsmutanten waren in der Lage, das Blatt und 
die Kolben der Wirtspflanze zu kolonisieren. Dabei induzierten sie H2O2 Produktion 
während der Penetration der Zellwand. Durch DNA-Quantifizierung konnte eine 
Hyperproliferation an der Penetrationsstelle festgestellt werden. Durch Hefe zwei-Hybrid 
Analysen konnten verschiedene Maisproteine als potentielle Vag2-Interaktionspartner 
identifiziert werden, darunter Proteine, die an der Pathogenabwehr bzw. am 
Primärmetabolismus beteiligt sind. Die Interaktion von Vag2 mit der Mais Chorismat 
mutase (ZmCm2) wurde durch bimolekulare Fluoreszenz-Komplementation in planta 
bestätigt. ZmCm2 ist an der Produktion von Prephenate aus Chorismat beteiligt, wobei 
Prephenat als Vorstufe zur Bildung von Salicylsäure (SA) dient. Die Interaktion von 
Vag2 mit ZmCm2 könnte die Bildung von SA in der Wirtspflanze beeinflussen. Obwohl 
keine signifikanten Unterschiede in der SA-Konzentrationen in Blättern oder Kolben 
zwischen mit Wildtyp oder vag2 Deletionsmutanten infizierten Pflanzen gemessen 
werden konnten, wurde eine Erhöhung der Expression der SA-Indikatorgene PR1 und 
PR5 detektiert. Der von S. reilianum aus der Pilzhyphe sekretierte Effektor Vag2 könnte 
in den Zellen der Wirtspflanze Einfluss auf das Hormongleichgewicht haben, was zur 
Unterdrückung der Abwehrreaktionen der Pflanze und damit zur vollen Virulenz von S. 
reilianum auf Mais führt.  
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1  INTRODUCTION  
Wheat, maize, and rice are the main food production crops in the world and make up to 
94% of all cereal consumption (FAO, 2012). Among these, maize keeps in the first place 
on the world cereal production list, which reached 870 million tons in 2012 (Ranum et al., 
2014). Maize not only has been considered as a staple food, but also used in fuel 
production in the last 10 years (Wallington et al., 2012). Unfortunately, the cereal 
production is under growing threat of fungal diseases (Pennisi, 2010). In 2009 to 2010, 
fungal diseases led to losses that could feed 600 million people (Fisher et al., 2012). In 
2012, fungal diseases caused an overall estimated 10.9% loss or more than 33 million 
tons in maize production of the USA (Daren Mueller and Kiersten Wise, 2012).  
1.1 Smut fungi 
The most important group of fungal pathogens attacking cereal plants are known as smuts 
(McMeekin, 1999), which includes approximately 1450 species in about 77 genera 
(Vanky, 2001). Smut fungi are basidiomycete plant pathogens that mainly parasitize 
plants of the grass family (Poaceae) (Bakkeren et al., 1992). This group of fungi is termed 
smut, an English word with the meaning “dirty” and it describes the symptoms caused by 
the infection: The plant reproductive tissues are filled with the black or brown, dusty 
masses of thick-walled fungal spores (teliospores), which give the plant a smutted 
appearance (Bakkeren et al., 2008). Since the reproductive organs of plants like 
inflorescences and seeds are replaced by fungal spores, smut disease severely reduces the 
yield of grain (Matheussen et al., 1991).  
1.2 Sporisorium reilianum causes head smut on maize  
Sporisorium reilianum (Kühn) is a biotrophic smut fungus, which does not kill its host, 
but depends on the living plant’s metabolism as nutrient source to finish its life cycle 
(Glazebrook, 2005). S. reilianum is a soil born pathogen (Martinez, 2000) that can infect 
several hosts like maize, sorghum, teosinte and sudan grass (Al-Sohaily and Mankin, 
1960; Halisky, 1963). The infection leads to a replacement of maize male inflorescences 
(tassels) and female inflorescences (ears) with spores or leaf-like structures (Figure 1) 
(Schirawski et al., 2010; Ghareeb et al., 2011). Because of the prominent exposure of the 
spores at the tassel on the top of the plant, the disease caused by S. reilianum is called 
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head smut of maize (Matyac and Kommedahl, 1985). The disease can spread via spore-
contaminated seeds, and the spores can survive for years in the soil (Leslie, 2003). 
Although the infection is systemic, symptoms become obvious only when the plant starts 
to produce flowers or seeds (Gahreeb et al., 2010). Therefore, it is more difficult to detect 
and prevent pathogen spread at early infection stages and thus, the disease leads to 
considerable corn yield losses.  
Figure 1. Symptoms of S. reilianum on maize. Maize plants were 
inoculated with S. reilianum at seedling stage, the symptom was 
evaluated at 7 weeks post inoculation. (A), S. reilianum-infected 
maize tassel (male inflorescence). (B) S. reilianum-infected maize 
ear (female inflorescence). Spores (indicated by black arrows) and 
leafy structures (indicated by white arrows) were formed in both 
inflorescences.  
 
 
1.3 Life cycle of Sporisorium reilianum 
S. reilianum is close relative to another intensively investigated smut fungus - Ustilago 
maydis (Bolker, 2001; Stoll et al., 2005) that also parasitizes maize. However, the 
proliferation style in planta, the site of symptom formation and the symptoms themselves 
are different (Banuett, 1995; Kamper et al., 2006).   
Both fungi have a dimorphic life style including a yeast saprophytic and a hyphal 
parasitic phase (Martinez et al., 1999; Martinez et al., 2002). Both organisms behave 
similarly during their saprophytic phase, but during the later hyphal parasitic phase they 
behave differently (Schirawski et al., 2005). Teliospores of the two fungi, present in the 
sori of smutted corn can be dispersed by wind or animals. Under favorable environmental 
conditions, they germinate to generate lemon-shaped (S. reilianum) or rod-shaped (U. 
maydis) haploid sporidia (Bolker, 2001). The two related fungi not only have a similar 
life style, but also similar mating behavior. The sporidia carry two unlinked mating type 
loci, a and b (Schirawski et al., 2005). Mating type a locus occurs in three alleles, each 
containing two active pheromone genes and one pheromone receptor gene for sporidia 
recognition. The b locus exists in at least six alleles and encodes two subunits of a 
heterodimeric homeodomain transcription factor for regulating pathogenicity genes 
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(Feldbrugge et al., 2004; Schirawski et al., 2005). Only sporidia that differ in both a and b 
loci can successfully mate. The haploid sporidia grow like yeast by budding, until two 
cells carrying compatible mating type loci meet on the plant surface. Pheromone 
recognition leads to cell cycle arrest (Spellig et al., 1994) and the formation of 
conjugation tubes. Fusion of conjugation tubes gives rise to a filamentous dikaryotic 
hypha. The dikaryotic hypha then grows by tip growth on the plant surface (Banuett, 1995) 
and forms an appressorium visible as a swelling at the front of the penetrating hypha that 
is used to invade the epidermal layer of the host tissue (Banuett and Herskowitz., 1994). 
The invading hyphae of S. reilianum proliferate systemically inside the plant but do not 
cause obvious symptoms, until the fungus reaches the inflorescences: At flowering time, 
fungal sori full of black spores can be observed in the male and female inflorescences 
(Figure 2) (Ghareeb, 2010). On the other hand, U. maydis hyphae induce tumors near the 
penetration site shortly after appressorium penetration (Figure 3) (Schirawski et al., 2010). 
Although S. reilianum and U. maydis share a similar life cycle, they behave differently 
after plant penetration, leading to completely different symptoms on the same host. So far 
it is not known why the two fungi with such similar life style behave differently on maize, 
and which factors determine the one or the other type of fungal development in the plant.   
Figure 2. Life cycle of S. reilianum. The teliospores of S. reilianum formed in the inflorescences of maize 
(indicated by black arrows) germinate under favorable conditions to form sporidia of different mating type. 
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Sporidia with compatible mating types grow towards each other and form conjugation tubes that fuse and 
become a dikaryotic filament, that can develop an appressorium to penetrate the plant surface. After 
penetration of the epidermal layer, the hyphae proliferate inside the maize. When plant starts flowering, the 
inflorescences are replaced by S. reilianum spores (indicated by black arrows) or leafy structures (indicated 
by green arrows). Picture is modified from a picture offered by Prof. Dr. Jan Schirawski.  
 
Figure 3. Infection symptoms of U. maydis and S. reilianum on maize. Tumor formation on ear (A), tassel 
(B), and leaf (C) after inflorescence infection [(A) and (B)] or seedling infection (C) by U. maydis. Maize 
seedling infection with S. reilianum leads to formation of spores (arrowheads) and leaf like structures 
(arrows) in ear (D) and tassel (E), whereas inoculated leaves show mild chlorosis but no tumors (F). Scale 
bars indicate 1 cm. Figure modified from Schirawski et al., 2010. 
1.4 Plant defense against pathogens   
Plants naturally display physical or chemical barriers to prevent invaders, including the 
wax layers, hairs, rigid cell walls, cuticular lipids, antimicrobial enzymes or secondary 
metabolites (Johann et al., 2007; Reina-Pinto and Yephremov, 2009). However, in most 
cases, these barriers are not strong enough to stop the invading pathogen. Then, the 
plant’s innate immune systems show up to recognize the invaders and start defense. 
Plants have evolved two kinds of immune systems to defend against pathogens, pathogen-
associated molecular pattern (PAMP)-triggered immunity (PTI) and effector triggered 
immunity (ETI) (Chisholm et al., 2006; Jones and Dangl, 2006).  
1.4.1 PAMP-triggered immunity (PTI)  
After invaders penetrate the plant cell wall, the plant pattern-recognition receptors (PRRs) 
on the cell surface are ready to recognize conserved microbial elicitors called pathogen-
associated molecular patterns (PAMPs). PAMPs are substances that are conserved and 
indispensable throughout all classes of microbes, not only restricted to the pathogens 
(Parker, 2003; Zipfel, 2008). Typical PAMPs include conserved components of microbial 
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cell walls and membranes. For example flg22, a short peptide derived from bacterial 
flagellin and elf18, a part of the elongation-factor Tu are very well-studied PAMPs (Felix 
and Boller, 2003; Zipfel, 2009). Additional PAMPs include β-glucans, 
lipopolysaccharides and chitin oligomers (Newman et al., 2013).  
Plant PRRs are surface-localized receptor-like kinases (RLKs) or receptor-like proteins 
(RLPs) that recognize PAMPs (Altenbach and Robatzek, 2007). Both PLKs and RLPs 
contain an extracellular domain, and single-pass transmembrane domain. Besides, RLKs 
have an intracellular kinase domain that is absent in receptor-like proteins. The 
extracellular domain of PRRs can have different domains that recognize different PAMPs. 
For example the receptor FLS2 (Flagellin Sensing 2) containing a leucine-rich repeat 
(LRR) domain can bind specifically to flagellin peptide (Gomez-Gomez and Boller, 
2000). The LysM domain-containing protein CEBiP was identified as a chitin-binding 
protein required for chitin recognition in rice (Kaku et al., 2006). Membrane protein 
Chitin Elicitor Receptor Kinase 1 (CERK1), which contains three LysM motifs in the 
extracellular domain and an intracellular Ser/Thr kinase domain with protein kinase 
activity functions as a cell surface receptor for chitin elicitor In Arabidopsis (Ayako et al., 
2007).  
Recognition by PRRs triggers PTI, which leads to a series of plant defense responses in 
the plant, which normally prevent the colonization of pathogens. Early responses include 
ion fluxes across the plasma membrane, oxidative burst, activation of MAP kinase 
cascades, protein phosphorylation, and changes in gene expression. The deposition of 
callose and plant growth defects can be observed later (Boller and Felix, 2009).   
1.4.2 Effector trigged immunity (ETI) 
Successful pathogens have evolved strategies to avoid recognition by PRRs or to suppress 
PTI by secreting small pathogen proteins (Boller and He, 2009). These small proteins 
secreted by pathogens are also known as effectors that generally play a role in preventing 
the recognition of PAMPs by PRRs or inhibiting the downstream signaling processes. 
Plant receptors perceive the effectors directly or indirectly (Dangl and Jones, 2001; van 
der Hoorn and Kamoun, 2008), which triggers ETI (Zhang and Zhou, 2010; Thomma et 
al., 2011). These plant’s receptors involved in ETI are encoded by R genes, which 
recognize pathogens carrying avirulence (Avr) gene. In this way, ETI was called gene-
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for-gene resistance in the past (Flor, 1971). To date, most of the known receptor proteins 
belong to the protein families that contain nucleotide binding (NB) and leucine-rich 
repeat (LRR) domains and are called NB-LRR proteins (Jones and Dangl, 2006; Elmore 
et al., 2011). These intracellular NB-LRR proteins can be sub classified into coiled-coil 
(CC)-NB-LRR or toll/interleukin 1 receptor-like (TIR)-NB-LRR protein families 
depending on their N-terminal domain structure.  
The receptor proteins can recognize effectors directly or indirectly. The direct recognition 
of effector by R proteins was found in Arabidopsis, where the receptor protein RRS1-R 
recognizes effector protein PopP2 from a causal agent of bacterial wilt, Ralstonia 
solanacearum (Deslandes et al., 2003). The indirect recognition of effector by R proteins 
can be explained by the guard and decoy models, in which the effector interacts with a 
target host protein and the modification of the target protein by the effector is monitored 
by plant R proteins (Dangl and Jones, 2001). Arabidopsis protein Rpm1-interacting 
protein 4 (RIN4) was targeted by several type III virulence effectors AvrRpt2 and 
AvrRpm1, and that perturbation of RIN4 activates Arabidopsis R protein RPS2 (Axtell 
and Staskawicz, 2003; Mackey et al., 2003). Another indirect interaction is the decoy 
model. There the targeted host proteins have no other biologically functional than 
perception of pathogen effectors (van der Hoorn and Kamoun, 2008). The type III effector 
HopZ1a interacts with the nonfunctional kinase ZED1 in Arabidopsis, that was thought 
function as a decoy to lure HopZ1a to be recognized by the NB-LRR protein-ZAR1 and 
trigger ETI in Arabidopsis (Lewis et al., 2013).  
Activation of ETI generally induces an accelerated and amplified PTI response, including 
hypersensitive response (HR), rapid programmed cell death (PCD), elevated levels of 
reactive oxygen species (ROS), and downstream responses like activation of MAP kinase 
cascades; activation of WRKY transcription factors, expression of pathogenesis-related 
(PR) genes, and biosynthesis of the plant hormones salicylic acid (SA), jasmonic acid (JA) 
and ethylene (ET) (Iwai et al., 2006; Eichmann and Schafer, 2012; Nomura et al., 2012; 
Wu et al., 2014). 
1.5 Effectors produced by pathogens  
To successfully parasitize the plant host, pathogens have evolved small secreted pathogen 
proteins that modulate the plant defense circuitry. These pathogen proteins and molecules 
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are known as effectors that were defined as “molecules secreted by plant-associated 
organisms that alter host-cell structure and function” (Hogenhout et al., 2009). Currently, 
effectors are more comprehensively described as “molecules that alter host-cell structure 
and function to either facilitate infection (virulence effectors), or trigger defense 
responses (avirulence effectors) or both” (Hogenhout et al., 2009; Win et al., 2012). Plant 
pathogens like bacteria, oomycetes, and fungi secrete plenty of effector molecules to 
modulate host innate immunity or change host cell metabolism to a pathogen conducive 
manner to promote virulence. The type III effector XopQ of Xanthomonas euvesicatoria 
(Xcv) inhibits cell death triggered by ETI in resistant pepper (Capsicum annuum), and 
enhances bacterial growth in the host (Teper et al., 2014). Cladosporium fulvum secretes 
Ecp6, a LysM domain (lysin motif)-containing effector protein to prevent the fungus from 
inducing chitin-triggered immunity by sequestering chitin oligosaccharides released from 
the cell walls of invading hyphae (de Jonge et al., 2010). Rice blast Magnaporthe oryzae 
secretes a mass of effectors into host to manipulate host plant immunity and physiology to 
promote infection (Zhang, 2014). The maize smut U. maydis secretes different effectors 
that are involved in plant defense suppression and manipulation of host metabolism to 
benefit tumor formation on maize (Djamei et al., 2011; Tanaka et al., 2014; Doehlemann 
et al., 2009, Doehlemann et al., 2011). These effectors can be grouped into three types 
based on the subcellular compartment they target: apoplastic effectors, cytoplasmic 
effectors and nuclear effectors (Chaudhari et al., 2014). 
1.5.1 Apoplastic effectors  
Some effectors are secreted by pathogens to the extracellular space in the plant-microbe 
interaction zone, where they interfere with apoplastic plant defenses (Kamoun, 2006; 
Misas-Villamil and van der Hoorn, 2008). They are characterized as small and cysteine-
rich proteins playing a role in inhibiting host proteases, hydrolases, glucanases, and other 
lytic enzymes (Doehlemann and Hemetsberger, 2013). For example, the Avr2 effector of 
the biotrophic fungal pathogen Cladosporium fulvum suppresses basal defense through 
inhibition of tomato Cys protease Rcr3, same as EPIC1 and EPIC2B secreted by 
Phytophthora infestans (Shabab et al., 2008; van Esse et al., 2008; Song et al., 2009). In 
Magnaporthe oryzae, the LysM effector Slp1 binds chitin oligosaccharides and 
suppresses chitin-induced immunity mediated by the rice PRR, chitin elicitor binding 
protein (CEBiP) (Mentlak et al., 2012). In U. maydis-infected maize, the secreted 
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apoplastic effector Pep1 blocks the oxidative burst response by directly inhibiting the 
activity of maize peroxidases (Doehlemann et al., 2009; Hemetsberger et al., 2012). 
1.5.2 Cytoplasmic effectors 
Many plant pathogens such as bacteria, fungi, oomycetes, and nematodes deliver effectors 
into host cells through different mechanisms, including the bacterial type III secretion 
system, haustoria of fungi or oomycetes, and fungal appressoria (Panstruga, 2003; 
Lindeberg et al., 2012; Zhang et al., 2012; Cui et al., 2013; Deslandes and Genin, 2014). 
The secreted effectors either stay in the cytosol and fulfill their function there, or they 
move to different subcellular compartments, including organelles and various membrane 
compartments. Most of the cytoplasmic effectors aim to target plant defense signaling 
components or manipulate various plant processes (Bhavsar et al., 2007; Takahashi et al., 
2007). The U. maydis cytoplasmic effector Cmu1 alters the metabolic status of the host 
cells through metabolic priming (Djamei et al., 2011). Tin2 secreted by U. maydis 
redirects the host metabolic pathway to suppress lignification during maize colonization 
(Tanaka et al., 2014). Some effectors are also transported through the cytoplasm to reach 
other organelles.  The P. syringae pv. tomato DC3000 type-III effector HopG1 targets 
plant mitochondria to promote virulence by disrupting mitochondrial functions (Block et 
al., 2010), whereas HopI1 localizes to plant chloroplasts, where it suppresses salicylic 
acid synthesis and disrupts the thylakoid stack structure of the host (Jelenska et al., 2007). 
1.5.3 Nucleus localized effectors 
Some effectors are redirected into the host nucleus, in order to target plant immune 
signaling cascades, or manipulate host transcription (Rivas and Genin, 2011). Nuclear 
localization signals (NLSs) present on effectors lead to import into the plant nucleus, like 
the TAL (Transcription Activator-like) effectors of Xanthomonas (Boch and Bonas, 2010), 
SAP11 of Phytoplasma (Bai et al., 2009; Sugio et al., 2014), and the Crinklers (CRNs) of 
Phytophthora (Bai et al., 2009; Schornack et al., 2010). The protein RTP1 of Uromyces 
fabae accumulates in the host nucleus and may have a role in manipulating host gene 
expression during infection (Kemen et al., 2005). Hyaloperonospora arabidopsidis 
nuclear-localized Hpa effectors (HaRxLs) might interfere with fundamental plant 
regulatory mechanisms via direct or indirect interaction with host nuclear components 
(Caillaud et al., 2012).   
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1.6 Co-evolution of plant and pathogens  
As mentioned before, plants evolved PTI to recognize PAMPs to protect themselves 
against pathogens. In parallel, successful pathogens have evolved effectors to suppress 
PTI. In order to counter the pathogen effectors, plants evolved resistance (R) genes that 
encode R proteins to directly or indirectly recognize specific pathogen effectors, and 
induce a rapid and robust immune response known as effector-triggered immunity (ETI). 
To avoid ETI, pathogens then diversify the recognized effector genes or evolve new 
effector genes to diminish ETI and induce effector–triggered susceptibility. However, 
plants subsequently evolve new R proteins to recognize the new effectors and again 
induce ETI, continuing the endless evolutionary arms race between pathogen and host 
(Chisholm et al., 2006). The quantitative output of the plant immune system between PTI 
and ETI was illustrated as a four phased ‘zigzag’ model (Fig. 4) (Jones and Dangl, 2006). 
This evolutionary ‘arms race’ between pathogens and hosts constantly selects for genetic 
changes in both sides. Therefore the pathogen effector coding genes are highly diversified 
and have low conservation between each other and to the known protein-coding genes. 
The Magnaporthe oryzae avirulence gene AVR-Pik and its cognate rice resistance (R) 
gene Pik are highly variable, with changes in amino acids caused by DNA replacements 
(Kanzaki et al., 2012). 
 
Figure 4. A zigzag model illustrates the quantitative output of the plant immune system. In the first phase, 
PAMPs are recognized by PRRs, and trigger PTI that can stop further colonization. In the second phase, 
successful pathogens deploy effectors that suppress PTI and contribute to pathogen virulence. This results 
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in ETS. In the third phase, the given effector is directly or indirectly recognized by the specific NB-LRR 
proteins, resulting in ETI. In the fourth phase, under natural selection pressure, pathogens involved new 
effectors or modified the recognized effector gene to avoid ETI.   Natural selection results in the production 
of new R specificities so that ETI can be triggered again. (Jones & Dangl, 2006).  
In order to win the battle against the plant, pathogens have involved a dynamic genome. 
Putative effector coding genes prefer to localize in clusters in the pathogen genome 
(Schmidt and Panstruga, 2011). Genes encoding small secreted proteins with unknown 
function in U. maydis were found to localize in 12 clusters that are regulated together and 
induced in infected tissue. Some clusters were proven to support fungal virulence 
(Kamper et al., 2006; Brefort et al., 2014). Later, the same genome feature was revealed 
in S. reilianum genome (Schirawski et al., 2010). Interestingly, some effector clusters are 
located in region that are flanked by transposable elements or repeats that are supposed to 
function in rearrangements and to switch on or off effectors in order to evade host 
resistance (Baxter et al., 2010; Laurie et al., 2012; Raffaele et al., 2010). These examples 
implicate the adaptation to a host in pathogen genome evolution.  
1.7 Identification of effectors  
Effectors have been more and more considerated as important factors in plant-pathogen 
interactions. To protect plants from pathogens, effectors can be used as markers to 
accelerate disease resistance breeding (Vleeshouwers et al., 2011). Application of 
effectors in disease resistance breeding has been recently reviewed (Vleeshouwers and 
Oliver, 2014). Effectors can accelerate the identification and cloning of R genes, 
enlarging the effector recognition specificity of a given R genes and help the application 
of R gene in agriculture.Furthermore, effectors can be modified and used as 
biotechnological tools, such as the TAL effectors that can be designed to bind any target 
DNA sequence (Bogdanove and Voytas 2011). TAL nucleases have already been used to 
produce targeted variations in the genomes of mammals, flies, worms, and plants 
(Bogdanove and Voytas 2011). To accomplish this, identification of effectors from 
pathogens is the first step. Furthermore, it is necessary to understand which proteins the 
effector targets in planta and to understand the functions of effectors. 
In the past few years, large progress has been made in genome sequencing, which allowed 
high-throughput effector screening and the generation of large lists with effector gene 
candidates. The full sequences of more genomes are becoming available. With the help of 
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RNA-seq technology, it is feasible to identify small effector proteins that are secreted and 
expressed during the pathogen-plant interaction phase.  
Genome sequencing of U. maydis revealed 12 clusters of genes encoding small secreted 
proteins with unknown function. Five of these clusters were shown to have an effect on 
virulence of U. maydis by individual cluster deletion (Kamper et al., 2006). Genome 
sequencing and comparison of barley powdery mildew Blumeria graminis sp.f. hordei 
identified 248 effector candidates (Spanu et al., 2010). Genome assembly of Rhizoctonia 
solani AG8 genome sequence uncovered 308 proteins with effector-like characteristics 
(Hane et al., 2014). Integrated genomic, transcriptomic and proteomic analyses were used 
and revealed 491 genes encoding candidate secreted effector proteins (CSEPs) in B. 
graminis sp.f. hordei (Pedersen et al., 2012). Additionally, genome comparison of S. 
reilanum and U. maydis revealed 43 regions of low sequence conservation that primarily 
encode secreted effectors in both organisms and some were shown to have virulence 
function in U. maydis (Schirawski et al., 2010).  
1.8 Identification of symptom determinants of S. reilianum by genome 
comparison 
S. reilianum and U. maydis are closely related. Both smut fungi infect maize but cause 
different symptoms (Figure 3). Comparison of the complete genome sequences of both 
fungi revealed that both organisms contain 23 chromosomes that code for about 7000 
genes (Schirawski et al., 2010). More than 95% of all genes occur in both organisms, and 
their chromosomal distribution and gene order is highly conserved. However, regions of 
low similarity between both fungal genomes exist that were revealed after comparison of 
the amino acid identities of all common genes. These regions covered 3 to 30 neighboring 
genes and were named divergence clusters (Schirawski et al., 2010). The largest 
divergence cluster is localized on chromosome 19 and was called cluster 19A (Figure 5). 
Cluster 19A covers around 55 kb in S. reilianum and encodes at least 29 proteins, most of 
which carry a signal sequence for secretion.  
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Figure 5. Schematic diagram comparing gene organization of cluster 19A in S. reilianum and U. maydis. 
Syntenic homologs are connected with a bar. Bar color indicates the degree of conservation of encoded 
proteins (green, 100 - 57.2 % amino acid identity; yellow, 57.2 - 15 % amino acid identity). Numbers 
indicate percent of amino acid identity. Genes colored in red are predicted to encode secreted proteins 
(SignalP 4.1, D-value > 0.5). Gene cluster deletions (A1A2, A1, A2, A3, A4 and A5) are indicated by 
brackets. Picture provided by Jan Schirawski. 
1.8.1 Cluster19A contains S. reilianum virulence determinants  
Deletion of cluster 19A in U. maydis dramatically reduced tumor formation on seedling 
leaves (Kämper et al., 2006; Befort et al., 2014). In S. reilianum, deletion of the complete 
cluster 19A from the genome was done in two steps, creating the deletion mutant A1 and 
then deleting region A2 in this strain to create the double deletion 19A1A2, since there is 
a conserved housekeeping gene putatively encoding β-tubulin (Sr10071) near the right 
border of the cluster. Deletion of cluster 19A in S. reilianum leads to reduced spore 
formation in inflorescences of “Gaspe Flint” maize plants, but the symptoms are not 
completely abolished (Figure 6A, B). Several subcluster deletions were created as 
indicated in Figure 5, and the symptoms of these mutants were evaluated on “Gaspe Flint” 
maize plants by sorting the infected maize tassel (male inflorescence) and ear (female 
inflorescence) into one of nine categories as shown in Figure 6C. To calculate disease 
incidence, each plant was placed in the category of the strongest symptom displayed by 
the plant. Compared to inoculation with wild-type strains, the disease incidence of the 
cluster 19A1A2 double deletion strains showed a reduction in spore formation of 62%, 
while in the 19A2 single deletion strains the spore formation only decreased by 10%.  
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Absence of subcluster 19A3, 19A4 or 19A5 caused a 
reduction in the number of plants showing spores by 
49%, 62% and 50%, respectively (Data collected by 
Mohammad Tanbir Habib). 
 
 
 
 
Figure 6. Virulence phenotypes of S. reilianum cluster 19A deletion strains on the maize variety Gaspe 
Flint. (A) Typical symptom of S. reilianum wild type (WT) and cluster 19A1 deletion strains on maize 
female inflorescences (ears). Picture was kindly provided by Jan Schirawski. (B) Quantification of 
virulence of S. reilianum cluster 19A deletion strains. Virulence was assessed for three independent trans-
formants in comparison to the progenitor WT strain by calculating the disease incidence at 6 weeks post 
infection. Three independent compatible combinations of deletion mutants were used for infections, and the 
mean value of the three is shown. Diseased inflorescences were sorted into one of nine categories (see C) 
depending on the severity of the symptoms displayed on each inflorescence. The figure was kindly provided 
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by Mohammad Tanbir Habib. (C) Disease symptom categories of S. reilianum-infected maize 
inflorescences, sorted from the strongest to the weakest phenotype. Bars in the picture represent 1 cm.  
1.8.2 Cluster19A suppresses leaf tip death 
When closely analyzing the symptoms induced by the S. reilianum cluster 19A deletion 
strains, Hassan Ghareeb noticed a particular phenotype occurring in 19A1A2-infected 
plants. When the “Gaspe Flint” maize plants were inoculated by wild-type S. reilianum, 
the inoculated 3
rd
 leaves only showed chlorosis or necrosis near the penetration site but 
the leaf tips were still green at 14 dpi. However, the leaf tips of the 3
rd
 leaves inoculated 
with cluster 19A1A2 deletion strains died at 14 dpi (Figure 7A) (Hassan, 2010). We 
called this symptom “leaf tip death phenotype”. We quantify this phenotype by 
determining the percent of plants showing leaf tip death of inoculated leaves at 14 dpi. 
Analysis of the cluster 19 subdeletion mutants A2, A3, A4 and A5 (Figure 5) showed an 
increase in occurrence of the leaf tip death phenotype after inoculation with strains 
lacking subcluster 19A3 or 19A4 by 25% and 60%, respectively (Figure 7). This supports 
the conclusion that the subcluster 19A4 contains proteins that prevent the occurrence of 
excessive leaf tip death in “Gaspe Flint” maize plants inoculated with S. reilianum.  
 
Figure 7. Leaf tip death phenotype of S. reilianum 19A deletion strains on the maize variety Gaspe Flint. 
(A) Typical leaf tips at 14 days post inoculation with S. reilianum wild type (WT) and 19A1A2 deletion 
strains (∆A1A2). Leaf tips remain green in spite of dead plant tissue at the inoculation site of wild-type 
strains but die after inoculation with 19A1A2 deletion strains. Picture kindly provided by Hassan Ghareeb. 
(B) Quantification of leaf tip death phenotype of S. reilianum on maize at 14 days post infection. Three 
independent compatible combinations of deletion mutants were used for infections, and the mean of the 
three inoculation experiments was used. At least least 20 plants were used for each combination. Data and 
Figure provided by Mohammad Tanbir Habib. 
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1.9 Aim of this study  
The long-term goal is to understand the molecular basis of the symptom formation of S. 
reilianum on maize. The objectives of the current studies are the identification of specific 
factors either proteins or effectors, encoded in the divergence region cluster 19A of S. 
reilianum that determine symptom formation, including spore formation and leaf tip death. 
Subsequently, the expression and localization of the effector candidates will be studied. 
Furthermore I want to identify probable in-planta protein interaction partners of the 
effector candidates and then elucidate the function of the effector candidates and their 
role in symptom formation of S. reilianum. 
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2. MATERIALS AND METHODS  
2.1 Materials  
2.1.1 Chemicals and enzymes 
All the chemicals used in this study were purchased from Sigma, Fluka, Clonetech, 
Merck, Roche, Bio-Rad, Difco or Roth. Enzymes used in this study are listed in Table 1.  
Table 1. List of enzymes and the suppliers  
Enzyme Name  Supplier 
Taq-polymerase  Fermentas  
Phusion DNA  polymerase  New England Biolabs  
KOD Xtreme TM Hot Star DNA polymerase Merck Millipore 
Bio-Taq DNA polymerase  Bioline 
Restriction enzymes  New England Biolabs 
T4-DNA-Ligase Fermentas 
Lyzozyme Merck Millipore 
Novozym 234 Novo Nordisc, Copenhagen 
RNAse A Serva 
RNase-Free DNase Set  Qiagen 
2.1.2 Commercial kits 
The commercial kits used in this study are listed in Table 2. 
Table 2. List of commercial kits and suppliers 
Kit Name  Supplier 
NucleoSpin® Gel and PCR Clean-up Macherey-Nagel 
GenElute™ Gel Extraction Sigma-Aldrich 
GenElute PCR DNA Purification Sigma-Aldrich 
Plasmid Mini Qiagen 
Nucleo Spin® Plasmid Macherey-Nagel 
Compact Prep Plasmid Maxi Qiagen 
TOPO TA Cloning Kit Invitrogen 
In-Fusion Advantage PCR Cloning Clontech 
Gateway® Cloning Kit Life Technologies 
DIG-HIG-Prime Roche 
CDPstar Roche, Mannheim 
ECLReagenz GE Healthcare 
RNeasy Plant Mini Kit Qiagen 
RNeasy Plus Mini Kit Qiagen 
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DNeasy Plant Mini Kit Qiagen 
RevertAid™ First Strand cDNA Synthesis Fermentas 
Matchmaker Gold Yeast Two Hybrid System Clontech 
2.1.3 Media 
YEPSL Medium  
Tryptone 10 g/l        
Yeast extract 10 g/l 
Sucrose 10 g/l 
PD Medium 
Potato Dextrose Broth 24 g/l        
Agar (only for solid medium) 20 g/l 
Regeneration Medium  
Tryptone 10 g/l        
Yeast extract 10 g/l 
Sucrose 10 g/l 
Sorbitol 182.2 g/l 
Agar 20g/l (only for solid medium) 
NSY Glycerin Medium (Holliday, 1974) 
Nutrient Broth 8 g/l        
Yeast extract 10 g/l 
Sucrose 5 g/l 
Glycerin 696 ml/l 
Water Agar Medium 
Agar 10g/l 
YT Medium (Sambrook and Russell, 2001) 
Trypton 8 g/l        
Yeast extract 5 g/l 
NaCl 5 g/l 
Agar 20g/l (only for solid medium) 
YPDA Medium 
Difco peptone 20 g/l        
Yeast extract 10 g/l 
Adenine hemisulfate 0.03 g/l 
Agar 20 g/l (only for solid medium) 
pH 6.5 - 
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Glucose  40 mM (add after autoclaving the medium) 
SD Medium 
Yeast nitrogen base without amino acids 20 g/l        
Appropriate sterile 10X dropout solution  100 ml/l 
Agar 20 g/l (only for solid medium) 
pH 5.8 - 
Glucose  40 ml/l (add after autoclaving the medium) 
LB medium  
Tryptone 10 g/l        
Yeast extract 5 ml/l 
NaCl  10 g/l 
pH 7.0 - 
Agar 20 g/l (only for solid medium) 
 
All the media were autoclaved at 121°C for 15 min. 
2.1.4 Antibiotics  
The antibiotics used in this study are listed in Table 3. 
Table 3. List of antibiotics and their working concentrations  
Antibiotic  Final concentration  Supplier 
Ampicillin 100 μg/ml Sigma-Aldrich 
Kanamycin 50 μg/ml Duchefa, Haarlem 
Hygromycin 150 μg/ml Duchefa, Haarlem,  
Aureobasidin 125-300 ng/ml Clontech 
Spectinomycin 100 μg/ml Duchefa 
Rifampicin 20 μg /ml                                         Duchefa 
Streptomycin 300 μg /ml Duchefa 
Gentamycin 50 μg /ml Duchefa 
2.1.5 Antibodies 
The antibodies used in this study are listed below: 
Name of antibody Supplier 
Mouse anti c-myc epitope monoclonal antibody Roche, Mannheim 
Goat anti-mouse IgG-Horseradish Peroxidase Promega, Mannheim 
Anti-digoxigenin (DIG) antibody Roche, Mannheim 
2.1.6 Maize plants 
2. Materials and Methods                                                                                                             21 
 
 
The maize cultivar Gaspe Flint was used in this study. Seeds were obtained from Prof. 
Regine Kahmann, Max Planck Institute for Terrestrial Microbiology, Marburg, Germany. 
2.1.7 S. reilianum strains 
The S. reilianum strains used and generated in this study are listed in the supplemental 
table S1. 
2.1.8 Saccharomyces cerevisiae strains  
The Saccharomyces cerevisiae strains used and generated in this study are listed below 
(Table 4). 
Table 4. List of Saccharomyces cerevisiae strains. 
Strain Name   Genotype* Selection Progenitor 
strain 
Source 
Y2HGold  MATa, trp1-901, leu2-3, 
112,ura3-52, his3-200, gal4Δ, 
gal80Δ, LYS2 : : GAL1UAS–
Gal1TATA–His3, GAL2UAS–
Gal2TATA–Ade2 URA3 : : 
MEL1UAS–Mel1TATA AUR1-
C MEL1 
- - Clontech 
Y187 MATα, ura3-52, his3-200, 
ade2-101, trp1-901, leu2-3, 
112, gal4Δ, gal80Δ, met–, 
URA3 : : GAL1UAS–
Gal1TATA–LacZ,MEL1 
Leu/Amp - Clontech 
Y187-pGADT7-T pGADT7-T  -Leu/Amp Y187 This study  
Y187-pGADT7 pGADT7 -Leu/Amp Y187 This study  
Y2HGold-pGBKT7 pGBKT7 -Try/Kan Y2HGold This study  
Y2HGold-pGBKT7-53 pGBKT7-53 -Try/Kan Y2HGold This study  
Y2HGold-pGBKT7-
vag2∆SP 
pGBKT7-vag2∆SP -Try/Kan Y2HGold This study  
2.1.9 Bacteria   
Table 5. List of bacteria strains used in this study. 
Strain Name   Genotype* Selection Source 
TOPO10  F- mcrA Δ(mrr-hsdRMS-mcrBC) 
φ80lacZΔM15 ΔlacX74 nupG recA1 
araD139 Δ(ara-leu)7697 galE15 galK16 
rpsL(Str
R) endA1 λ- 
- Invitrogen 
DH5α F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 
deoR nupG Φ80dlacZΔM15 Δ(lacZYA-
argF)U169, hsdR17(rK
-
 mK
+
), λ– 
- Invitrogen 
GV3101 pMP90RK Gent, Rif  Koncz and Schell (1986) 
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2.1.10 Oligonucleotides 
Oligonucleotides used and designed in this study are listed in the supplemental table S2.   
2.1.11 Plasmids  
Table 6. List of plasmids. 
Name  Description Source /Reference  
TOPO®TA For Topo cloning Invitrogen, Karlsruhe 
pBS-hnn To obtain the hygromycin resistance cassette with 
SfiI digestion or PCR amplification 
Kämper, 2004 
pBS-Nat(+) To obtain the carboxin resistance cassette with SfiI 
digestion or PCR amplification 
Prof. Dr. Jan Schirawski 
p123 For construction of GFP fusion proteins C. Aichinger 
pGBKT7-BD-
Vag2ΔSP 
Expressing N-terminal Vag2 without signal peptide 
sequence fused to GAL4 binding domain for yeast 
two hybrid screen 
A 561 bp fragment of vag2 without signal peptide 
was amplified with oYZ82 + oYZ83, digested with 
PstI and EcoRI, and then ligated into pGBKT7 
This study 
pGADT7-T T-antigen gene fused to GAL4 activation domain  Clontech 
pGBKT7-53 Expressing P53 fused to GAL4 binding domain as 
positive interaction with T-antigen 
Clontech 
pGBKT7-LAM Expressing LAM protein fused to GAL4 binding 
domain as negative interaction with T-antigen 
Clontech 
pE-SPYCE-GW Gateway BiFC vector for expressin fusion protein of 
interesting with half of C-part YFP in planta  
Contains the ccdB gene flanked by attR attachment 
sites. 
Prof.Dr.Ralph Panstruga 
RWTH Aachen      
Walter,2004 
pE-SPYNE-GW Gateway BiFC vector for expressing fusion protein 
of interesting with half of N-part YFP in planta 
Contains the ccdB gene flanked by attR attachment 
sites. 
Prof.Dr.Ralph Panstruga 
RWTH Aachen         
Walter,2004                                                                       
pDONR201  Gateway donor vector. Contains the ccdB gene 
flanked by attp attachment sites. 
Invitrogen 
pE-SPYCE-Vag2 BiFC plasmid expressing Vag2 N-terminal  fused 
with  C-part YFP at in planta  
This study 
pE-SPYNE-
ZmCm2 
BiFC plasmid expressing ZmCm2 N-terminal  fused 
with  C-part YFP in planta  
This study  
2.2 Growth conditions  
2.2.1 Maize  
Five maize seeds were sown in the 20 cm pots filled with Type T soil (Frühstorfer 
Pikiererde, Germany). The pots were watered with tap water directly after sowing and 
then once per day. The maize plants were grown in a growth chamber (Johnson Controls, 
Location, PI) with the following conditions; 15 h day light at 28 °C and 50% relative 
humidity, and 9 h night at 22 °C and 60% relative humidity, or under greenhouse 
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conditions: day conditions; 28 °C, 40% relative humidity and minimum 28000 Lux light 
with additional 90000 Lux sun radiation for 15 h, night conditions; 20 °C and 60% 
relative humidity for 9 h.  
2.2.2 Nicotiana benthamiana 
N. benthamiana plants were grown in growth chamber (parameters see 2.2.1). After 
germi-nation single plants were transplanted to pots with type ED 73 soil (Einheitserde 
Werkverband). 3-4 week old plants were used for infiltration.  
2.2.3 S. reilianum  
S. reilianum was grown on PD agar or regeneration agar plates supplied with appropriate 
antibiotic at 28 °C. The liquid culture was grown in YEPSL or PD media with shaking 
under 200 rpm at 28 °C. The strains can survive on the plates for three weeks or were 
stored at -80 °C in 50% NSY glycerin medium. 
2.2.4 Saccharomyces cerevisiae  
Yeast (S. cerevisiae) solid cultures were grown on YPDA medium or SD medium 
supplemented with the proper dropout and antibiotic at 30 °C for 3-5 days. Liquid 
cultures were incubated under 250 rpm at 30 °C. The strains were stored at -80 °C in 
YPDA medium with 30% Glycerol. 
2.2.5 Escherichia coli 
E. coli solid culture were grown on LB or YT agar plates supplied with appropriate 
antibiotic at 37 °C. The liquid cultures were incubated under 250 rpm at 37 °C. The 
strains were stored at -80 °C in 30% Glycerol. 
2.2.6 Agrobacterium tumefaciens 
A. tumefaciens strains were grown solid on LB agar supplied with appropriate antibiotics 
at 28 °C. The liquid cultures were incubated under 250 rpm at 28 °C. The strains were 
stored at -80 °C in 30% Glycerol. 
2.3 Nucleic acid isolation  
2.3.1 Plasmid isolation from E.coli  
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Plasmids from E. coli were isolated by boiling lysis method (Sambrook and Russell, 2001) 
or by using the Nucleo Spin® Plasmid kit. 2 ml overnight culture were collected and 
centrifuged at 13000 rpm for 5 min in a bench centrifuge (Heraeus Biofuge 15). After 
descending the supernatant the cells pellet were proceed either with the manuscript from 
the kit or the boiling lysis method. For the boiling lysis method, cell pellet were 
resuspended thoroughly in 350 μl STET buffer (50 mM Tris-HCl pH8.0, 50 mM Na2-
EDTA, 8% Sucrose, 5% Triton X-100) with 25 μl lysozyme solution (10 μg/μl). Cell 
suspension was heated at 95 °C for 1 min, and then centrifuged at 13000 rpm for 25 min. 
The cell debris was removed with a toothpick. The plasmid were precipitated by adding 
40 μl 3 M sodium acetate (pH 5.3), 350 μl isopropanol and inverting the tubes several 
times. The plasmid DNA was precipitated by centrifuging at 13000 rpm for 15 min. After 
descending supernatant, the plasmid DNA were washed with 500 μl 70% ethanol and 
then centrifuged at 13000 rpm for 5 min. The supernatant was aspirated and the pellet was 
dried at room temperature. Then the pellet was dissolved in 100 μl TE buffer with 20 
mg/ml RNase A at 50 °C for 15 min and stored at -20°C for later use. 
2.3.2 Plasmid isolation from Yeast  
Plasmid from Yeast was isolated according to (Robzyk and Kassir, 1992). Single colony 
was picked into 2 ml appropriate SD medium and incubated for 1~2 days. Cell culture 
were collected into 2 ml tubes with 200 μl glass beads, and then centrifuged at 13000 rpm 
for 5 min in a benchtop centrifuge. Supernatant was removed and the cell pellet was 
frozen at -20°C for at least 20 min. 100 μl Yeast-STET buffer (50 mM Tris – HCl  pH 8.0, 
50 mM EDTA pH 8.0, 8% Sucrose, 5% Triton X-100) were added to the pellet and 
vortexed thoroughly for 10 min, afterwards 50 μl Yeast-STET were added and vortexed 
for 3 min. Cell suspension was heated at 99° C for 3 min and then cooled on ice for 3 min. 
The mixture was centrifuged at 13000 rpm and 4°C for 10 min. 100 μl supernatant were 
collected and mixed with 50 μl ammonium acetate (7.5 M). The mixture was incubated at 
-20 °C for 1 hour and then centrifuged at 4000 rpm at 4°C for 20 min. Plasmid DNA was 
precipitated by mixing 75 μl supernatant with 150 μl ice cold ethanol followed by 
centrifugation at 4000 rpm for 20 min at 4 °C. The supernatant was aspirated and the 
pellet was dried at room temperature. The pellet was dissolved in 20 μl water and then 
stored at -20 °C. 
2.3.3 Genomic DNA isolation from S. reilianum  
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S. reilianum genomic DNA isolation was performed by phenol-chloroform extraction 
(Hoffman and Winston, 1987). Single colony was picked up into 2 ml YEPSL medium 
and incubated for 36 - 40 hours. Cultures were centrifuged in 2 ml tubes with 200 μl glass 
beads at 13000 rpm for 5 min in a benchtop centrifuge. Supernatant was removed and the 
pellet was frozen in -20 °C for at least 20 min. Then the cell pellet was resuspended in 
500 μl Ustilago lysis buffer (50 mM Tris-HCl pH 7.5, 50 mM Na2-EDTA, 1% SDS) and 
600 μl phenol-chloroform mixture (1:1) followed by vortexing for 15 min in vibrax 
shaker (IKA)  at maximum speed.  After centrifugation at 13000 rpm for 25 min, the 
supernatant was carefully took out and mixed with 1 ml of ethanol 96% by inverting the 
tubes several times and then centrifuged at 13000 rpm, 15 min. The supernatant was 
aspirated and the pellet was air dried at room temperature. The DNA pellet was 
resuspended in 50 μl TE with 20 mg/ml RNase A at 55 °C for 15 min and stored at -20 °C. 
2.3.4 Genomic DNA isolation from maize  
Genomic DNA from maize was performed by DNeasy Plant Mini Kit (Qiagen). Maize 
leaf samples 2 cm below the inoculation site from the third maize leaf at 3 dpi, the nods 
where the third leaves were attached were collected at 14 dpi. 10 different samples from 
10 different plants were mixed together. The collected maize tissue was ground into fine 
powder in liquid nitrogen first and then following the manuscript from Qiagen. 
2.3.5 RNA isolation from S. reilianum  
A single colony was picked into 2 ml YEPSL medium and incubated for 8-12 hours, then 
used to inoculated 50 ml YEPSL medium for overnight culture to get the OD=0.5 in the 
next day. Cell culture was centrifuged in 50 ml tube at 3500 rpm for 5 min. After 
removing the supernatant the cell pellet was quickly frozen in liquid nitrogen and stored 
in -80 °C until RNA extraction.  The frozen cell pellet was resuspended in 1.5 ml Trizol 
reagent (Sigma) and transferred into 2 ml tubes with 200 μl glass beads. The mixture was 
vortexed for 10 min in vibrax shaker at maximum speed then 300 μl chloroform was 
added and short vortexed. After 3 min incubation at room temperature, the mixture was 
centrifuged at 13000 rpm and 4 °C for 15 min. The upper phase was transferred to a new 
tube and mixed with same volume of isopropanol by inverting tubes several times. After 
centrifugation at 13000 rpm and 4 °C for 15 min, the supernatant was removed and the 
RNA pellet was washed with 1 ml 80% ethanol by inverting tubes several times. RNA 
was precipitated by centrifugation at 13000 rpm and 4°C for 10 min. The supernatant was 
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aspirated and the pellet was dried at room temperature then dissolved in 50 μl RNase free 
water at 50 °C and 550 rpm for 10 min. RNA was cleaned up by using the Qiagen 
RNeasy Plant Mini Kit. The cleaned RNA sample was stored at -80°C.  
 2.3.6 RNA isolation from maize  
Two centimeter leaf pieces were collected from the region that is 1 cm below the 
inoculation site at different time point. Maize ear samples were collected at 4 wpi. 10 
samples from 10 different plants were collected and mixed. Collected maize tissue was 
ground in liquid nitrogen and 100 mg of the ground samples were used for RNA 
extraction. 1 ml of TRI Reagent (Sigma) was added to the sample and mixed. The 
mixture was incubated 15 min at room temperature and then 300 µl chloroform was 
added followed by 10 sec. vortexing. After centrifugation at 13000 rpm and 4 °C for 15 
min, the upper phase was transferred into a clean tube and mixed with the same volume 
of phenol: chloroform: isoamyl alcohol (25:24:1) and centrifuged at 13000 rpm and 4 °C 
for 15 min. The upper phase was transferred into a clean tube and mixed with the same 
volume of isopropanol then centrifuged at 13000 rpm and 4°C for 15 min. The 
supernatant was aspirated and the RNA was washed with 1 ml 80% ethanol by inverting 
the tubes several times. RNA was precipitated by centrifugation at 13000 rpm for 10 min 
and the supernatant was aspirated. The cell pellet was air dried at room temperature and 
dissolved in the 80 µl RNase free water at 50°C for 10 min. The RNA cleanup was 
performed the same as in 2.3.5. The RNA sample was stored at -80 °C.  
2.3.7 Quantification of Nucleic acids 
The concentration of nucleic acid was decided by using the Nanodrop 2000 (Thermo 
scientific). 
2.4 Cloning and nucleic acid modification  
2.4.1 Polymerase chain reaction  
Polymerase Chain Reaction (PCR) was carried out to amplify a specific DNA fragment 
from few copies to million copies (Mullis et al., 1986). PCR can be used for amplification 
of DNA fragment and detection of specific DNA fragment.  Phusion and KOD Xtreme 
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were used for cloning, and for checking the specific DNA fragment Taq polymerase was 
used. The PCR reactions were set up as follows: 
Phusion PCR  
Component 20 µl Reaction 50 µl Reaction Final Concentration 
Nuclease-free water to 20 µl to 50 µl  - 
5X Phusion HF or GC 
Buffer 
4 µl 10 µl 1X 
10 mM dNTPs 0.4 µl 1 µl 200 µM 
10 µM Forward Primer 1 µl 2.5 µl 0.5 µM 
10 µM Reverse Primer 1 µl 2.5 µl 0.5 µM 
Template DNA 10-100 ng 10-100 ng < 250 ng 
DMSO (optional) (0.6 µl) (1.5 µl) 3% 
Phusion Polymerase  0.1 µl 0.25 µl 0.5 units/50 µl  
KOD Xtreme 
Component Volume Final Concentration 
Nuclease-free water to 50 µl  - 
2X Xtreme Buffer 25 µl 1X 
2 mM dNTPs 10 µl 0.4 mM (each) 
10 µM Forward Primer 1.5 µl 0.3 µM 
10 µM Reverse Primer 1.5 µl 0.3 µM 
Template DNA 10-100 ng - 
KOD Xtreme Hot start DNA  
Polymerase (1u/µl) 
1 µl 0.02 U/µl  
Taq  
Component Volume Final Concentration 
Nuclease-free water to 50 µl  - 
10X Taq Buffer 25 µl 1X 
25 mM dNTPs 0.4 µl 0.2 mM (each) 
10 µM Forward Primer 1 µl 0.2 µM 
10 µM Reverse Primer 1 µl 0.2 µM 
Template DNA 10-100 ng - 
Taq DNA  Polymerase (5u/µl) 0.25 µl 1.25 U/50 µl  
A TPersonal thermocycler (Biometra) was used with the following program to amplify 
the DNA.  
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PCR cycle Phusion  KOD Xtreme Taq polymerase 
1. Initial denaturation  98 °C / 30 s 94 °C / 2 min 94 °C / 2 min  
2. Denaturation 98 °C / 15 s 94 °C / 30 s 94 °C / 20 s 
3. Annealing 60-68 °C / 30 s 62 °C / 15 s 60-63 °C / 20 s 
4. Extension  72 °C / 30 s/kb 68 °C / 1 min/kb 72 °C/ 1 min/kb 
Stop 4 °C 4 °C 4 °C 
2.4.2 Quantitative reverse transcription polymerase chain reaction 
The gene expression was achieved by quantitative reverse transcription polymerase chain 
reaction (qRT-PCR). The RNA was extracted from the sample as showed in 4.3.5/4.3.6.  
1 µg of RNA in 10 µl volume was used to synthesis cDNA by using RevertAid H Minus 
First Strand cDNA Synthesis Kit (Fermentas) with the oligo dT primer, according to the 
manufacturer’s instructions. The cDNA was used for qPCR. 
The qRT-PCR was performed with BIO-Taq polymerase (BIOLINE), the reactions were 
set up as follows: 
Component Volume Final Concentration 
Nuclease-free water to 25 µl  - 
10X Taq Buffer (BIOLINE) 2.5 µl 1 × 
MgCl2 (50mM) 1.5 µl 3 mM 
10 mM dNTPs 0.25µl 0.1 mM  
4 µM Primer Mixer  2.5 µl 0.4 µM 
SYBR Green (1:10000) 0.25 µl 0.1 × 
Template cDNA 20-50 ng - 
Bio-Taq DNA  Polymerase (5U/µl) 0.05 µl 0.25 U/25 µl  
 
PCR was performed using the CFX Connect™ Real-Time PCR Detection System (Bio-
Rad). Cycling parameters were the same for all primers; initial 95 °C for 6 min, followed 
by 40 cycles of 95 °C for 30 sec., 60 °C for 30 sec and 72 °C for 1min, plate read step, 
then product melting curve 55 - 95 °C. The results were analyzed with CFX Manager 3.0 
(Bio-Rad). 
2.4.3 DNA ligation  
To generate the deletion construct in S. reilianum, the left, resistance cassette and the 
right flanks were ligated together by using T4 DNA ligase (Roche). The three parts were 
mixed in 1:2:1 (left flank: resistance cassette: right flank).  
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2.4.4 Gateway cloning  
The gateway cloning was carried out to create the plasmids for BiFC experiment. The 
Gateway® BP Clonase™ and Gateway® LR Clonase™ Enzyme (Life Technologies) 
were used. The pDORN201 (Life Technologies) was used as donor vector and the 
expression vector pESPYCE and pESPYNE were kindly offered by Prof. Dr. Ralph 
Panstruga. The reactions were carried out according to the manuscript. 
2.4.5 Gel electrophoresis of nucleic acids  
The size and the amount of the nucleic acids were analyzed by agarose gel electrophoresis. 
The concentration of the agarose for the gel depends on the size of the nucleic acids 
fragments. Normally, 0.8-2 % TAE or TBE agarose gel were used in this study. Certain 
amount of agarose was added into 1 X TAE (40 mM Tris-acetate pH 7.5, 40mM Sodium 
acetate, 1 mM EDTA) or 0.5 X TBE ( 50 mM Tris-acetate pH 7.9, 1 mM EDTA) buffer 
and heated up in the microwave until the agarose was completely melted. The gel was 
cooled to 60 °C, and then 5 µl Roti
®
- GelStain (Roth) was added to 100 ml agarose gel, 
mixed and poured in closed cassette with the appropriate comb. After solidification, the 
gel was placed in electrophoresis tank filled with the same buffer as the gel. DNA or 
RNA samples were mixed with loading buffer and loaded in the wells along with 6 μl 
DNA ladder (NEB, Frankfurt). The samples were electrophoretically separated with 70-
150 V for 0.3 - 4 h.  
2.5 Cell Transformation  
2.5.1 Transformation of Escherichia coli 
Rubidium Chloride transform method was used for E. coli transformation. The E. coli 
competence cells were generated according to (Cohen et al., 1972) with some 
modifications. A single colony of Topo 10 was picked into 2 ml LB medium incubated 
with 260 rpm shaking at 37 °C for overnight. In the next day, 1 ml culture was used to 
inoculated 100 ml fresh LB medium containing 10 mM MgCl2 and 10 mM MgSO4  
shaking with 260 rpm for 2 - 2.5 hour until the cell culture reached OD600 = 0.4 - 0.6. The 
culture was chilled on ice for 20 min and centrifuged at 3000 rpm (Beckmann Biofuge) 
and 4 °C for 15 min. The supernatant was removed and the cell pellet was carefully 
resuspended in 33 ml ice-cold RF I solution and incubated on ice for 30 - 60 min. 
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Afterwards the cells were centrifuged again at 3000 rpm and 4 °C for 15 min. After 
removing the supernatants, the cells were carefully resuspended in 330 µl ice-cold RF II 
solution followed by 15 min ice incubation. In the end the cells were aliquoted in 30 μl 
and stored at -80 °C.  
For transformation, one aliquot was thawed on ice and then diluted with 270 μl RF II 
solution. From diluted cells 50 μl were mixed with 2 - 5 μl ligation mixture or 5 ng 
plasmid DNA and incubated on ice for 30 min. The cells were heat-shocked at 42°C for 
45 sec, cooled on ice immediately and 250 μl SOC medium were applied to the cells and 
incubated at 37 °C for 1 hour with constant shaking. The transformation mixture was 
plated onto LB plates containing the appropriate antibiotic concentration (see table 3) and 
incubated at 37 °C overnight. 
RE I                                                                    RE II  
RbCl 100 mM   RbCl  10 mM   
MnCl2 x 4 H2O  50 mM   MOPS   10 mM   
K-Ac  30 mM   CaCl2 * 2 H2O   75 mM   
CaCl2* 2 H2O  10 mM   Glycerin in ddH2O   15%   
Glycerin in ddH2O  15%   pH 5.8   Filter sterilize   
pH 5.8  Filter sterilize       
2.5.2 Transformation of Agrobacterium tumefaciens 
A. tumefaciens transformation was performed by electroporation (Mersereau et al., 1990). 
To produce electro competent cells, a single A. tumefaciens colony was inoculated into 2 ml 
LB medium with certain antibiotic and incubated at 28°C with constantly shaking at 250 rpm 
for overnight. Use 100 ml fresh LB medium added 0.5 ml overnight cell culture and kept 
on incubated at 28 °C with 250 rpm shaking for 4 - 5 hours until get the OD600= 0.5 - 1.0. 
The cell culture was incubate on ice for 30 min and centrifuged at 4000 rpm for 10 min at 
4 °C. After decanting the supernatant, the cells were resuspended in 30 ml of sterile cold 
deionized H2O. The cell suspension was centrifuged again at 4000 rpm for 10 min at 4°C. 
The washing step was repeated once again here and the cell pellet was re-suspended in 5 
ml ice-cold 10% glycerol and centrifuged again. In the end, the cell was resuspended in 
300 µl ice-cold 10% glycerol and aliquoted into 50 µl stored in -80 °C for later use or 
transformed directly. 
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For transformation one aliquot from -80 °C was thaw on the ice and 10 - 50 ng plasmids 
were added. The mixture was transferred into a chilled 0.2 cm electroporation cuvette 
(Bridge) and Pulsed with Gene Pulser Xcell™ Electroporation Systems (Bio-rad) at 2.5 
kV. 1 ml LB media was added into cuvette immediately after electroporation and the cell 
suspension was transferred into sterile test tubes for incubating at 28 °C with 190 rpm for 
2 - 4 hours. The transformation mixture was plated onto LB plates containing the 
appropriate antibiotic concentration and incubated at 28 °C. 
2.5.3 Transformation of S. reilianum  
Transformation of S. reilianum was performed according to (Bolker et al., 1992). To start 
producing the protoplast of S. reilianum, a pre-culture was made by picking a single 
colony into 2 ml YEPSL medium for 6 - 8 hour incubation at 28 °C with 200 rpm shaking. 
The pre-culture was 1:300 diluted into 50 ml YEPSL medium and incubated overnight at 
28°C with 200 rpm shaking to get OD600= 0.4 - 0.7. The cell culture was centrifuged at 
3500 rpm for 10 min and re-suspended in 25 ml SCS after descending the supernatant. 
The cells were observed under light microscope (Axiostar plus Zeiss) and span down 
again at 3500 rpm for 10 min. The cell pellet was re-suspended in 2 ml SCS containing 
2.5 mg/ml novozyme, incubated for 5 - 10 min at room temperature until 50% of the cells 
were beginning to protoplast with controlling under the microscope. The incubation was 
stopped by adding 20 ml SCS and centrifugation at 2300 rpm for 15 min. After removing 
the supernatant, the cell pellet was washed twice by carefully re-suspending the pellet into 
10 ml SCS solution and span 15 min at 2300 rpm. Re-suspended the cell pellet into 10 ml 
STC solution carefully and centrifuge again. Thereafter the cell pellet was re-suspended 
into 0.25 ml ice-cold STC (10 mM Tris-HCl pH 7.5, 100 mM CaCl2, 1 M Sorbitol, 
aliquoted and stored in -80 °C.  
Before transformation a double layer RegAgar plate, which only contains antibiotic in the 
bottom layer with the twice amount of final concentration was prepared. One aliquot 
protoplast took out from -80 °C was thawed on ice followed by adding 1 µl heparin and 5 
µg DNA. The mixture was incubated on ice for 10 min and 0.5 ml cold STC / 40% PEG  
(60% (v/v) STC solution, 40% (w/v) PEG (MW3350)) was added then incubated for 15 
min on ice. The transformed cells were plated on the RegAgar plates and incubated at 
28 °C for 4 - 7 days.  
SCS solution  
2. Materials and Methods                                                                                                             32 
 
 
Solution I Sodiumcitrate* 2H2O 20 mM 
Sorbitol 1 M 
Solution II Citric acid* 2H2O 20 mM 
Sorbitol 1 M 
Add solution II to solution I until the pH reached 5.8. Autoclave 5 min at 121 °C. 
2.5.4 Yeast Transformation  
The Yeast transformation was performed with polyethylene glycol (PEG)/LiAc-based 
method according to the Yeastmaker™ Yeast Transformation System 2 User Manual 
(Clontech) with some modifications. To generate the yeast competent cells, one single 
colony was inoculated into 2 ml YPDA medium at 30 °C with 250 rpm shaking for 8 - 12 
hour. This culture was used to inoculate 50 ml YPDA medium for 16 - 20 hours 
incubation indicated before until the OD 600 reached 0.4 - 0.5. The culture was centrifuged 
at 700 g for 5 min and the cell pellet was re-suspended into 30 ml sterile, deionized H2O. 
Then the cell suspension was centrifuged again and the cell pellet was resuspended in 1 
ml 1.1 × TE/LiAc. The competent cells were used directly for transformation or kept on 
ice before transformation.  
For transformation, 0.2 - 1 µg plasmid DNA, 5 µl denatured carrier DNA (2 mg/ml; 
Clontech) were added into 50 µl competent cells and gently mixed. Then 500 µl freshly 
made PEG/LiAc was added and gently mixed. The Mixture was incubated at 30 °C for 30 
min and mixed every 10 min during incubation.  Afterwards the 20 µl DMSO was added 
and the mixture is incubated in 42 °C water bath for 15 min with mixing for every 5 min. 
The cells were pelleted down by centrifugation at 1500g for 10 min, resuspended in 50 µl 
water and plated on selection plate. The plates were incubated at 30 °C for 3 - 5 days.  
2.5.5 Transformation of Nicotiana benthamiana 
N. benthamiana transformation was achieved by agrobacterium mediated transformation. 
One single colony from agrobacterium containing the transforming plasmid was 
inoculated into 2 ml LB medium with appropriate antibiotics and incubated at 28 °C with 
250 rpm shaking for 12 - 16 hours. 0.5 ml of this culture was used inoculated 25 ml LB 
medium containing appropriate antibiotics, 20 µM acetosyringone (100mM stock solution, 
Roth) and 10 mM MES pH 7.5. The mixture was incubated with the condition indicated 
for 24 hour and the OD600 of the culture was measured (Photometer 1000, Fisher 
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Scientific). The cells were span down at 3500g for 30 min and resuspended in agro-
infiltration buffer (10 mM MgCl2, 10 mM MES, 200 µM Acetosyringone (freshly add 
before usage)) to get OD600 = 1.0 (if need to mix two strains for infiltration)/ 0.5 (if only 
one strain was used for infiltration ). Incubate the infiltration suspension in room 
temperature for 2 - 4 hours or overnight. Two strains were mixed together and the 
infiltration was performed by 1 ml syringe and infiltrated from the underside of the 4 
weeks old N. benthamiana leaves, avoiding the cotyledons. The infiltrated N. 
benthamiana was put back into the phytochamber and the inflourescence was observed 2 
- 5 days after infiltration.  
2.6 Molecular Biological Methods  
2.6.1 Southern blot 
Southern blot was used to check if the deletion or expression construct were inserted in 
the right place in the whole genome (Southern, 1975). Genomic DNA of 2.5 - 5 µg was 
digested with appropriate restriction enzyme. The digested gDNA was separated on 0.8 - 
1% TAE agarose gel by electroporation and the gel picture was taken with a ruler. The 
agarose gel was incubated in 0.25M HCl for 15 min and later neutralized to denature the 
DNA by incubation in 0.4 M NaOH for 15 min with slow shaking. The DNA in the 
agarose gel was transferred on to a positively charged nylon membrane (Roche) by 
capillary transfer with 0.4 M NaOH as transfer buffer for overnight. In the next day the 
blot was dissembled and the ladder and the wells positions were marked on the membrane 
with a pencil and the membrane was air dried. Later hybridization steps were performed 
in hybridization oven (HB-1000 Hybridizer Hybridization Oven, An Analytik Jena 
Company) with rolling. The membrane was pre-hybridized in 20 ml southern 
hybridization buffer (0.5 M Na-Phosphate buffer, 7% SDS) pH 7.0,  for 0.5 - 2 hours at 
65 °C then hybridized with labeled probe (see below) overnight. To detect luminescence 
signals, the membrane was washed twice with 20 ml southern wash buffer (1 M Na-
Phosphate buffer, 1% SDS) for 20 min at 65 °C and the temperature was set to 20 °C with 
the oven door opening. Afterwards the membrane was washed with DIG wash buffer (0.1 
M Maleic Acid, 0.15 M NaCl, 0.3 % (v/v) Tween-20, adjust pH to 7.5) for 5 min and 
blocked with DIG II (0.1 M Maleic Acid, 0.15 M NaCl, 1% Blockierungsreagenz (Roche), 
adjust pH to 7.5) for 30 min. Then the membrane was incubated in 10 ml -DIG-
Antibody-solution (1 µl Anti-DIG-AP (Anti Digoxigenin-AP Fab fragments, Roche) in 
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10 ml DIG2-Puffer (1:10.000)) for 30 min and washed twice with DIG wash buffer for 15 
min each. After equilibrated with DIG III (0.1 M NaCl, 0.05 M MgCl2*6H2O, 0.1 M Tris-
HCl pH 9.5) for 5 min, the membrane was incubated 5 min in CDPstar solution (100µl 
CDP-Star (Roche) in 10 ml DIGIII-buffer (1:100), can be reused and freeze afterwards). 
Sealed the membrane in plastic bag and incubated for 15 min at 37 °C. The membrane 
was exposed to a X-ray film for 1- 20 min and the film was develop and fixed.  
Probe labeling: 
DNA probes used for Southern blot hybridization were labeled by using High DIG Prime 
lableling mix (Roche). DNA fragment around 300 ng (16 μl) was denatured at 95 °C for 5 
min followed by cooling for 1 min in ice cold NaCl and then mixed with 4 μl High DIG 
Prime labeling mix. The mixture was incubated at 37 °C for 16-20 hours. The labeling 
reaction was stopped by adding 1 μl 0.5 M EDTA and incubating at 65 °C for 10 min. 
The labeled probe was then mixed with 20 - 50 ml Southern hybridization buffer and 
boiled at 95 °C for 5 min immediately before hybridization. The probe was stored at -
20 °C and reused several times. 
2.6.2 Yeast Two-Hybrid analysis   
Yeast Two-Hybrid analysis was performed according to the Matchmaker
®
 Gold Yeast 
Two-Hybrid System User Manual (Clontech).  
2.6.3 Protein extraction from Yeast  
A single colony was incubated into 3 ml appropriate SD drop-out medium at 30 °C with 
250 rpm shaking for 8 - 12 h. The culture was used to inoculate 30 ml fresh SD drop-out 
medium, then incubated overnight until the OD reached 0.4 - 0.6. The culture was poured 
into a tube half filled with ice and centrifuged at 1000g and 4 °C for 5 min. The 
supernatant was removed and the cells were resuspended in 50 ml of ice-cold H2O. The 
cells were pelleted down by centrifuge at 1000 g for 5 min at 4 °C and immediately 
frozen by placing the tube in liquid nitrogen. The cells were store in -80 °C until 
proceeding.  
The cracking buffer (8 M Urea, 5% (w/v) SDS, 40 mM Tris-HCl pH6.8, 0.1 mM EDTA, 
0.4 mM Bromophenol blue; freshly add 10 µl/ml β-mercaptoethanol, 70 µl/ml Protease 
inhibitor Complete, Roche (1 tablet/2.8ml) and 50 µl/ml PMSF before use) was pre-
warmed at 60°C before use and100 μl of cracking buffer per 7.5 OD600 units of cells was 
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added into cell pellet. 100 × PMSF stock solution was added into the cell samples for 
each 7 min. The cell was disrupted by adding 100 µl glass beads per 7.5 OD600 units of 
cells. The mixture was heated up at 70 °C for 10 min and vigorously vortex for 1 min. 
The cell debris and unbroken cells were separated by centrifugation at 14,000 rpm for 5 
min at 4 °C. The supernatant was transferred into a fresh tube placed on ice and the pellet 
was boiled at 100 °C for 3 - 5 min followed with vigorously vortex for 1 min. After 
centrifugation the supernatant was combined together and stored in -80 °C until usage. 
The concentration of the protein was determined by Bradford protein assay. 
2.6.4 Western blot  
The separating gel and the stacking gel were prepared as follow. The SDS-PAGE 
chamber (Mini-PROREAN® 3, Bio-Rad) was built up and filled with 500 ml running 
buffer. The gel pockets were washed with running buffer before loading the denatured (10 
min at 98 °C) protein samples plus 5 µl of the PageRuler protein ladder (Thermo 
scientific). The protein samples were separated by electroporation at 150 V for 30 - 40 
min.  
A PVDF membrane (GE Healthcare) was activated in 100% methanol and washed with 
distilled H2O. The protein in the SDS gel was transferred onto the PVDF membrane by 
using the electric blot apparatus (Mini-PROREAN® Trans-Blot® Cell, Bio-Rad). The 
transfer was running at 30 V overnight in the 4 °C room.  
The blotting was dissembled and the membrane was block in TBS-T buffer with 5% non-
fat blotting grade milk powder (Roth) at room temperature for 1 hour. The blocked 
membrane was washed twice with TBS-T followed by incubating in primary antibody 
solution (1:1000 diluted in TBS-T containing 2.5% milk powder) for 1 hour at room 
temperature. Then the membrane was washed three times with TBS-T for 5 min each 
time and incubated with the secondary antibody (1:3000 dilution in TBS-T containing 2.5% 
milk powder) for 1 hour. Thereafter, the membrane was washed three times again with 
TBS-T for 5 min each time. The detection reagents (ECL Reagenz, GE Healthcare) 
solution A of 1 ml was mixed with 25 µl solution B and pipetted on the membrane 
followed with 5 min incubation at room temperature. The membrane then was exposed to 
X-ray film. The membrane was stained with coomassie blue solution for 1 - 2 min and 
then destained until a good contrast was obtained. 
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2.7 S. reilianum virulence assay  
2.7.1 Plant inoculation  
To test the S. reilianum virulence, fungi were used to infect maize (Zuther et al., 2012) or 
sorghum plants to calculate the virulence. Maize were sown 7 days before inoculation, 25 
plants were prepared for one strain test. Both of the compatible strains were manipulated 
in parallel and separately. Sterile tooth sticks were used to scratch plenty of the S. 
reilianum cells from freshly grown PD plate. The cells were inoculated in 2 ml YEPSL 
medium and incubated at 28 °C with shaking at 200 rpm for 6 - 10 hours. This cell 
cultures were used to inoculate 50 ml PD medium separately and incubated with the 
indicated condition for overnight to get OD 600 = 0.5 - 0.7. The ready cell cultures were 
centrifuged at 3500 rpm for 5 min and the cell pellet was resuspended in the certain 
amount of sterile H2O to get cell suspension with the OD600 = 2.0. Cell suspension of 4 µl 
was used to make a mating test on the H2O agar plates. The two compatible strains were 
mixed together with the ratio 1:1 (V:V). The mixture suspension was used to inoculate 
maize plant with 1 ml syringe from the site opposite the third leaf and 2 cm above the soil.   
The inoculated maize plants were kept in the growth chamber.  
2.7.2 Disease rating  
Disease rating was performed 6 weeks after inoculation. The maize plants were harvested 
and the male inflorescences were analyzed first. Then the husks around the female 
inflorescences were carefully removed and the symptoms of female inflorescences were 
analyzed. Every inflorescence was grouped into one of the category showed in Figure 6 C. 
In the end the number of the infected inflorescences and the number of the plants showing 
the highest symptom were calculated as disease severity and disease incidence (Ghareeb, 
2010). 
2.8 Respiration measurements 
Inoculated maize plants were kept in the growth chamber until 6 dpi, and removed then 
kept in dark for 1 hour before measurement. Leaf sections (2 cm long) were collected in 
the region below and above the inoculation site. The middle vines were removed from 
collected samples, and samples were weighted and placed into a 4 ml respiration vial 
(OXVIAL4-OI, Pyro Science). The vial was filled with dH2O until air bubbles were not 
observed inside, and the vial was tightly closed. The rate of respiration was determined by 
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measuring the change of the oxygen concentration in the dH2O using a FireSting O2 
(PyroScience, Germany). The whole measurement was performed in a dark room at 25 °C. 
2.9 Metabolite profiling 
Inoculated maize plants were kept in growth chamber until 6dpi, and removed in the 
middle of the light cycle. Leaf sections (2 cm long) were obtained in the region below and 
above the inoculation site, and immediately frozen in liquid nitrogen. Frozen samples 
were ground into fine powder in liquid nitrogen and sent to MPI Potsdam for GC-MS.  
2.10 Microscopy  
2.10.1 WGA-Alexa fluor/Propidium iodide staining 
Maize leaf samples were collected 1 cm below the inoculation site. Maize ears were 
collected and cross / longitudinal cut to the fine pieces. The collected maize tissues were 
soaked in ethanol until proceeding.  The bleaching samples were treated with 10% KOH 
at room temperature overnight or at 80 °C for 3 hours. Then the samples were washed 
twice with 1 × PBS solution (8 g/l NaCl, 0.2 g/l KCl, 1.44 g/l, Na2HPO4, 0.24 g/l KH2PO4) 
and could be stored in PBS before starting next step. The PBS washed samples were 
incubated in the staining solution (10 µg/ml WGA-Alexa fluor 488, 20 µg/ml Propidium 
iodide, 0.02 % Tween20, in PBS and adjust pH to 7.4) for 30 min and vacuum infiltrated 
three times for about 1 to 2 min in-between (Doehlemann et al., 2008). Then the samples 
were detained in PBS and could store in the dark at 4 °C until analysis with microscope. 
The Leica DM 6000B fluorescence microscope (Leica) was used to analyze the samples 
with filter sets for GFP (Alexafluor 488) and RFP (Propidium iodide).  
2.10.2 DAB staining  
Maize leaf fractions that contain the inoculation site were quickly detached and 
immediately socked into 3,3'-Diaminobenzidine (DAB) staining solution (1 mg/ml DAB 
in H2O) (Thordal-Christensen et al., 1997). The samples were incubated in the dark for 6 
hours at room temperature and vacuum infiltrated three times in-between. Leaf samples 
were distained in ethanol for 1 day and stored in 60% glycerin until microscope.  
2.10.3 Calcofluor staining  
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Right before the microscope, infected leaf pieces were incubated in the calcofluor white 
staining solution (0.1 µg/ml in water) at room temperature for 1min, and washed with 
water. Then the samples were analyzed under the DAPI filter of the fluorescent 
microscope. 
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3. RESULTS 
3.1 Subcluster 19A5 of S. reilianum contains virulence effectors 
Subcluster 19A5 comprises six protein encoding genes sr10056, sr10057, sr20012, 
sr10058, sr10059 and sr10060 (Figure 8); three of the encoded proteins (Sr10057, 
Sr10058, Sr10059) are predicted to contain a signal sequence for secretion (SignalP 4. 1, 
D-value > 0.5) (Figure 8). Deletion of subcluster 19A5 leads to a reduction in virulence 
on maize (Figure 6). An analysis of transcript abundance (by sequence comparison of 3' 
UTR libraries of RNA isolated from leaves or ears of S. reilianum-infected maize to 
axenically grown fungal strains) revealed that the three genes (sr10057, sr10059, sr10060) 
are highly up-regulated during colonization of maize inflorescences with S. reilianum 
(Hassan Ghareeb personal communication).  
 
Figure 8. Gene organization of cluster 19A in S. reilianum. Genes are represented by arrows oriented in 
their direction of transcription with gene numbers indicated on top. Genes colored in red are predicted to 
encode secreted proteins (SignalP 4.1, D-value > 0.5). Relevant subcluster deletions (19A1A2 (A1A2), 
19A1 (A1),19A2 (A2), 19A3 (A3), 19A4 (A4), 19A5 (A5), 19A8 (A8) and 19A9 (A9)) are indicated by 
brackets.  
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Figure 9. Comparison of amino acid sequences of homologous effector candidates of S. reilianum and U. 
maydis. (A) Sr10057 and Um05302, (B) Sr10059 and Um05306, (C) Sr10060 and Um10556. Identical 
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amino acid residues are shaded in black. sr, S. reilianum; um, U. maydis. The program ClustalX 2.0 was 
used to create the alignment. The predicated signal peptides for each protein are surrounded by black frames.  
All three highly expressed genes have orthologous homologs in U. maydis, some of which 
are involved in the virulence of U. maydis (Brefort et al., 2014). The best homolog of 
Sr10057 with 42% amino acid identity is Um05302 of U. maydis, that of Sr10059 is the U. 
maydis protein Um05306 with an amino acid identity of 36%, and that of Sr10060 is 
Um10556 with 39% amino acid identity (Figure 9). Sr10057 and Sr10059 show a low 
conservation of amino acids along the full length of the protein sequence (Figure 9 A, B). 
In contrast, Sr10060 lacks conservation of the secretion signal sequence shown to be 
present in the U. maydis protein (Brefort et al,. 2014) but shows high (100% amino acid 
identity) conservation of 14 amino acid stretch near the N-terminus (Figure 9 C).  
To investigate whether sr10057, sr10059 and sr10060 have a function in virulence of S. 
reiliaum on maize, single gene deletion strains were generated by homologous 
recombination, in which the gene of interest was substituted by a hygromycin cassette in 
the compatible wild-type strains SRZ2_5-1 and SRZ1_5-2. Transformants were verified 
by PCR and then confirmed by Southern blot before starting the virulence test on the 
maize cultivar Gaspe Flint. The maize seedling was inoculated at seven days after sowing 
and the disease symptoms were evaluated six to seven weeks after inoculation. For each 
deletion, one different combination of transformants was used for one infection and three 
combinations were test separately in three different infections.  
Deletion of sr10057 led on average to a decrease of 30% in plants showing spore 
formation (Disease incidence, Figure 10 A) and decreased the average severity of spore 
formation on inflorescences by 20% (Disease severity - the average damage of the 
specular strain, Figure 10 B) in comparison to wild-type S. reilianum. Total virulence 
(spore formation plus formation of leafy ears) was also reduced by 10% in disease 
incidence and in disease severity (Figure 10). Plant inoculation with sr10059-deletion 
strains led to a slight reduction in spore formation, around 5% in disease incidence and 
disease severity compared to wild type (Figure 11). Absence of sr10060 led to slightly 
increase in spore formation in both disease incidence and disease severity, suggesting that 
sr10060 encodes an avirulent effector in the S. reilianum - maize variety Gaspe Flint 
interaction (Figure 12). In summary, virulence analysis of gene deletion strains showed 
that both sr10057 and sr10059 contribute to full virulence of S. reilianum, while sr10060, 
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which encodes a predicted non-secreted protein seems to be an avirulence effector 
encoding gene.   
 
Figure 10. Virulence of S. reilianum sr10057 deletion strains on the maize variety Gaspe Flint. Virulence 
was assessed for three independent transformants in comparison to the progenitor wild type (WT) strains 
SRZ2_5-1 and SRZ1_5-2 at 6 weeks post inoculation. (A) Disease incidence (percent of plants carrying 
highest symptom). (B) Disease severity (percent of inflorescences in each category per total number of 
inflorescences). Three independent compatible combinations of deletion mutants were used for inoculations, 
and always compared to wild type. Strains used were ∆sr10057#1 (YZ3 × YZ10), ∆sr10057#2 (YZ4 × 
YZ11) and ∆sr10057#3 (YZ6 × YZ12). At least 20 plants were used for each combination. (C) Schematic 
diagram showing the site of the deleted gene (marked with cross). Red colored genes are predicted to 
encode secreted proteins.  
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Figure 11. Virulence of S. reilianum sr10059 deletion strains on the maize variety Gaspe Flint. Virulence 
was assessed for three independent transformants in comparison to the progenitor wild type (WT) strains 
SRZ2_5-1 and SRZ1_5-2 at 6 weeks post inoculation. (A) Disease incidence (percent of plants carrying 
highest symptom). (B) Disease severity (percent of inflorescences in each category per total number of 
inflorescences). Three independent compatible combinations of deletion mutants were used for inoculations, 
and always compared to the wild type. Strains used were ∆sr10059#1 (YZ115 × YZ121), ∆sr10059#2 
(inoculated with strain YZ116 × YZ122) and ∆sr10059#3 (YZ118 × YZ123). At least 20 plants were used 
for each combination. (C) Schematic diagram showing the site of the deleted gene (marked with cross). Red 
colored genes are predicted to encode secreted proteins.  
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Figure 12. Virulence of S. reilianum sr10060 deletion strains on the maize variety Gaspe Flint. Virulence 
was assessed for three independent transformants in comparison to the progenitor wild type (WT) SRZ2_5-
1 and SRZ1_5-2 at 6 weeks post inoculation. (A) Disease incidence (percent of plants carrying highest 
symptom). (B) Disease severity (percent of inflorescences in each category per total number of 
inflorescences). Three independent compatible combinations of deletion mutants were used for inoculations, 
and always compared to the wild type. Strains used were ∆sr10060#1 (YZ13 × YZ18), ∆sr10060#2 (YZ16 
× YZ19) and ∆sr10060#3 (YZ15 × YZ22). At least 20 plants were used for each combination. (C) 
Schematic diagram showing the site of the deleted gene (marked with cross). Red colored genes are 
predicted to encode secreted proteins.  
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3.2 Dissection of subcluster 19A4 identified genes responsible for virulence 
and suppression of leaf tip death  
3.2.1 Deletion of subcluster 19A4  
Deletion of subcluster 19A4 causes leaf tip death and a reduction of virulence on maize 
(Figure 5, 6, 7). In order to find out which genes are responsible for these phenotypes, I 
created subcluster 19A8 and 19A9 deletions (Figure 8) in the wild-type strains SRZ2_5-1 
and SRZ1_5-2. The subcluster 19A8 deletion strains YZ33, YZ34, YZ35, YZ57, YZ58, 
and YZ59 lack the genes sr10050, sr10051 and sr10052.2 (Figure 8). Replacement of 
these genes by a hygromycin resistance cassette was achieved by homologous 
recombination. The transformants that survived on the selection plates have been verified 
by PCR and Southern analysis (Figure 13, Supplemental Table S1). The gene sr10050, 
sr10051 and sr10052.2 encode proteins with weak amino acid similarity to each other 
(Figure 14).  
The subcluster 19A9 deletion strains YZ36, YZ37, YZ38, YZ41, YZ42 and YZ43 lack 
the genes sr10053, sr10054 and sr10055 (Figure 8). Replacement of these genes by a 
hygromycin resistance cassette has been verified by PCR and Southern analysis (Figure 
15, Supplemental Table S1). A transcriptome sequencing approach (Hassan Ghareeb 
personal communication) indicated that of the six genes of subcluster 19A4, only one 
(sr10053) was highly expressed in leaves, making it a good candidate for suppression of 
leaf tip death. Therefore I also created the strains YZ70, YZ71, YZ72, YZ66, YZ67 and 
YZ68 that carry a hygromycin resistance cassette instead of the gene sr10053.  
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Figure 13. Confirmation of subcluster 19A8 deletion mutants by PCR and southern blot. Colonies from 
each mating type were picked from plates containing hygromycin. The genomic DNA of these mutants were 
isolated and first check by PCR (A, B) and then by southern blot (C). A, PCR with primer pair oSP49 and 
oSP50, which amplify a product from the subcluster 19A8 with size 342 bps. B, The templates that did not 
give a product in the first PCR were used for a second PCR with primer pair oJS380 and BW236, which 
amplify the hygromycin cassette and the leaf flank of the deletion construct with a product size of 1.8 kb. C, 
Genomic DNA of transformants and wild-type S. reilianum were digested with restriction enzyme Acc65I, 
then performed the southern blot. The transformation construct containing hygromycin cassette and the 
flanks was used as the probe; For wild type, two bands at 5.6 kb and 3.5 kb were expected and one band at 
7.3 kb for transformants. The selected transformants are marked with asterisks. 
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Figure 14. Comparison of amino acid sequences of sr10050, sr10051 and sr10052.2 of S. reilianum. 
Identical amino acid or amino acid with the same chemical properties in all three sequences are shaded in 
black and in gray if two of them are the same. The program Clustalx2.0 was used to create the alignment. 
The predicated signal peptides for each protein are surrounded by black frames.   
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Figure 15. Confirmation of subcluster 19A9 deletion mutants by PCR and southern blot. 10 colonies from 
each mating type were picked from plates containing hygromycin. The genomic DNA of these mutants were 
isolated and first check by PCR (A, B) and then by southern blot (C). A, PCR with primer pair oJS386 and 
oJS387, which amplify a product from the subcluster 19A9 with size 669 bps. B, PCR with primer pair 
oYZ13 and BW236, which amplify the part of hygromycin cassette and the leaf flank of the deletion 
construct with the product at size 2 kb. C, Genomic DNA of mutants and wild type were digested with 
restriction enzyme HindIII, then performed southern blot. The transformation construct containing 
hygromycin cassette and the flanks was used as the probe. For wild type, two bands at 4.5 kb and 3.1 kb 
were expected and three bands at 3.4 kb, 1.9 kb and 1.6 kb for transformants. The selected transformants 
were marked with asterisk. 
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3.2.2 The effector responsible for suppression of leaf tip death and increasing 
virulence is located in subcluster 19A8 but not 19A9 
The created deletion strains described in 3.2.1 (Supplemental Table S1) were tested for 
their capacity to induce leaf tip death. To this end, three different combinations of 
compatible deletion strains were used for each deletion to inoculate the inner leaf of 7-
day-old maize seedlings and checked for leaf tip death phenotype at 14 days post 
inoculation. For each combination at least 20 plants were tested.     
Surprisingly, inoculation of maize seedlings with strains lacking the candidate sr10053, 
led to only around 8% of the plants showing leaf tip death, in comparison to 10% of the 
wild type inoculated plants. Absence of subcluster 19A9 did not lead to any reproducible 
difference compared to wild type (Figure 16). However, deletion of subcluster 19A8 led 
to an increase of leaf tip death by about 40% when compared to wild type (Figure 17). 
This result indicates that subcluster 19A8 but not subcluster 19A9 contains genes 
responsible for suppressing leaf tip death. 
Plants inoculated with the created deletion strains described in 3.2.1 were also checked for 
virulence on maize at six weeks post inoculation. Deletion of 19A8 in S. reilianum led to 
a reduction of spore formation on average by around 35% and around 27%, respectively, 
in disease incidence and disease severity in comparison to wild type (Figure 18). Δ19A9 
and Δsr10053 deletion strains did not lead to measurable difference with wild type by the 
current disease rating method (Figure 19). Virulence analysis of subcluster deletion strains 
lacking parts of the left part of cluster 19A showed that subcluster 19A8 contains effectors 
supporting virulence of S. reilianum on maize, whereas deletion of subcluster 19A9 or of 
the effector sr10053 did not lead to any measurable effect on virulence.  
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Figure 16. Leaf tip death phenotype of S. reilianum subcluster 19A9 and sr10053 deletion strains on maize 
variety Gaspe Flint. Inoculated leaves of the maize variety Gaspe Flint were evaluated at 14 days post 
inoculation. (A, B, C) Leaf symptom incidence of ΔA9 and Δsr10053 deletion strains in comparison to wild 
type SRZ2 × SRZ1. Three independent compatible combinations of deletion strains were used for 
inoculations. Strains used for inoculation experiments were: first combination (A): YZ36 × YZ41 (ΔA9#1) 
and YZ70 × YZ66 (Δsr10053#1); second combination (B): YZ37 × YZ42 (ΔA9#2); YZ71 × YZ67 
(Δsr10053#2); third combination (C): YZ38 × YZ43 (ΔA9#3); YZ72 × YZ68 (Δsr10053#3). At least 20 
plants were used for each combination. (D) Schematic diagram showing the site of the deleted region within 
cluster 19 (marked with cross) and indicating the position of the individually deleted gene (arrow). Red 
colored genes are predicted to encode secreted proteins.  
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Figure 17. Leaf tip death phenotype of S. reilianum subcluster 19A8 deletion strains on maize variety 
Gaspe Flint. Inoculated leaves of the maize variety Gaspe Flint were evaluated at 14 days post inoculation. 
(A, B, C) Leaf symptom incidence of subcluater 19A8 deletion strains. Three independent compatible 
combinations of deletion strains were used for inoculations, and always compared to wild type SRZ2 × 
SRZ1. Strains used for inoculation experiments were: First combination (A): YZ33 × YZ57 (∆A8#1); 
Second combination (B) YZ34 × YZ58 (∆A8#2); Third combination (C) YZ35 × YZ59 (∆A8#3). At least 
20 plants were used for each combination. (A) Schematic diagram showing the site of the deleted region 
within cluster 19 (marked with cross). Red colored genes are predicted to encode secreted proteins. 
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Figure 18. Virulence analysis of S. reilianum subcluster 19A8 deletion strains on the maize variety Gaspe 
Flint. Virulence was assessed for three different combinations of independent transformants in comparison 
to the progenitor wild type (WT) strain at 6 weeks post inoculation. (A) Disease incidence (percent of plants 
showing particular symptom as the strongest symptom displayed by the plants). (B) Disease severity 
(percent of inflorescences in each category per total number of inflorescences). Three independent 
compatible combinations of deletion strains were used for inoculations, and always compared to wild type 
SRZ2 × SRZ1. Plants were inoculated with strains ∆A8#1 YZ33 × YZ57, ∆A8#2 YZ34 × YZ58, and 
∆A8#3 YZ35 × YZ59. At least 20 plants were used for each combination. 
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Figure 19. Virulence analysis of S. reilianum subcluster19A9 and sr10053 deletion strains on maize variety 
Gaspe Flint. Virulence was assessed for three different combinations of independent transformants in 
comparison to the progenitor wild type (WT) strain at six weeks post inoculation. (A) Disease incidence 
(particular symptom as the strongest symptom displayed by the plants). (B) Disease severity (percent of 
inflorescences in each category per total number of inflorescences). Three independent compatible 
combinations of deletion mutants were used for inoculations, and always compared to wild type SRZ2 × 
SRZ1. First combination: YZ36 × YZ41 (ΔA9#1), YZ70 × YZ66 (Δsr10053#1); second combination: YZ37 
× YZ42 (ΔA9#2), YZ71 × YZ67 (Δsr10053#2); third combination: YZ38 × YZ43 (ΔA9#3), YZ72 × YZ68 
(Δsr10053#3). At least 20 plants were used for each combination.  
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3.3 Identification of effectors in subcluster 19A8  
3.3.1 Virulence of S. reilianum decreased by deletion of single genes located in 
subcluster 19A8 
To determine the contribution of the three genes in subcluster 19A8 (sr10050, sr10051 
and sr10052.2) to virulence of S. reilianum on maize, single gene deletions of the three 
genes were made by substituting each individual open reading frame with the hygromycin 
resistance cassette in the two compatible wild-type strains SRZ1_5-2 and SRZ2_5-1. For 
each deletion, at least three independent transformants of each mating background were 
selected after strain verification by PCR and Southern blot. Virulence of deletion strains 
was tested on maize by inoculation of seedlings with three different combinations of 
compatible strains lacking either sr10050 (Δsr10050), sr10051 (Δsr10051) or 
sr10052.2 (Δsr10052.2). Virulence of deletion strains was compared to that of wild-type 
S. reilianum and Δ19A8 deletion strains. 
Deletion of sr10050 resulted in a decrease of 24% in plants showing spore formation 
(disease incidence, Figure 20 A) and decreased the percent of inflorescences carrying 
spores by 19% (disease severity, Figure 20 B) in average in comparison to wild-type. In 
addition, the occurrence of spores in the male inflorescence (tassel), which is the most 
serious disease symptom, was completely abolished in maize inoculated with Δsr10050 
deletion strains (Figure 20). Lack of sr10051 led to reduced spore formation of in average 
around 8% in disease incidence and 7% in disease severity compared to wild type (Figure 
20). Meanwhile, absence of sr10052.2 led to a decrease of spore formation by an average 
of 9% in disease incidence and 6% in disease severity in comparison to wild-type S. 
reilianum inoculated maize (Figure 20). In accordance with an only small reduction in 
overall virulence, both Δsr10051 and Δsr10052.2 deletion strains formed spores in male 
inflorescences (Figure 20). In conclusion, individual deletion of either sr10050, sr10051 
or sr10052.2 led to a reduction in overall virulence, with deletion of sr10050 having the 
strongest effect.  
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Figure 20. Virulence of S. reilianum 19A8 single gene deletion strains on the maize cultivar Gaspe Flint. 
Virulence was assessed for three different combinations of independent transformants in comparison to the 
progenitor wild-type strains (SRZ1_5-2 x SRZ2_5-1) and Δ19A8 deletion strains (YZ33 × YZ57) at 6 
weeks post inoculation. (A) Disease incidence (percent of plants showing the particular symptom as the 
strongest symptom displayed by plants; left panels). (B) Disease severity (percent of inflorescences in each 
category per total number of inflorescences; right panels). Three independent compatible combinations of 
deletion strains in four repeats were used for inoculations, and always compared to wild type and the Δ19A8 
deletion strains. Strains used for inoculation were: Δ50#1 (YZ73 × YZ78), Δ51#1 (YZ82 × YZ87); Δ51#2 
(YZ83 × YZ88), Δ52#1 (YZ103 × YZ109); Δ50#2 (YZ75 × YZ80), Δ51#3 (YZ84 × YZ89), Δ52#2 (YZ104 
× YZ110); Δ50#3 (YZ74 × YZ81), Δ51#3 (YZ84 × YZ89), Δ52#3 (YZ105 × YZ111). At least 20 plants 
were used for each strain combination in every repeat. Δ50 represents Δsr10050; Δ51 represents Δsr10051; 
Δ52 represent Δsr10052.2.  
3.3.2 Re-introduction of sr10050 complements the virulence reduction of Δ19A8 
deletion strains 
To confirm the contribution of sr10050 and sr10051 to virulence of S. reilianum on maize 
Gaspe Flint, sr10050 and sr10051 were individually re-introduced into the compatible 
Δ19A8 deletion strains YZ33 and YZ57 to create the Δ19A8+sr10050 (YZ150, YZ151, 
YZ152, YZ156, YZ157 and YZ158) and Δ19A8+sr10051 (YZ160, YZ161, YZ162, 
YZ166, YZ167 and YZ168, see Supplemental Table S1) strains. The genes sr10050 or 
sr10051 including native promoter and terminator sequences were introduced together 
with a nourseotricin cassette in the subcluster 19A8 deletion strains replacing the 
hygromycin cassette. Successful transformants were selected on nourseotricin PD plate 
and tested for sensitivity to hygromycin. In addition, transformants were confirmed by 
PCR and Southern blot, showing that only one copy of sr10050 or sr10051 was re-
introduced into the Δ19A8 deletion strains (Figure 21). At least three independent 
transformants were retained for each mating background and used for inoculation of 
maize seedlings. The disease symptoms were evaluated 6 weeks after inoculation. The 
Δ19A8+sr10051 strains led to around 30% plant showing spore formation, which was the 
same as Δ19A8 deletion strains. The disease severity of Δ19A8+sr10051 strains is also at 
the same level of Δ19A8 deletion strains (Figure 22). In contrast, the Δ19A8+sr10050 
strains showed an increase of 35% in number of plant showing spore formation (disease 
incidence) and 10% in the number of inflorescence carrying spores (disease severity) in 
average in comparison to Δ19A8 deletion strains (Figure 22). And the Δ19A8+sr10050 
strains behaved like wild-type on the maize Gaspe Flint (Figure 22). This result manifests 
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that sr10050 is able to complement the reduction of virulence resulting from a lack of 
subcluster 19A8, while sr10051 alone in the Δ19A8 background is unable to complement 
the virulence defect of S. reilianum Δ19A8 strains on maize. Due to its significant 
contribution to overall virulence, we named sr10050 as vag2, for virulence associated 
gene 2. 
 
Figure 21. Confirmation of Δ19A8+sr10050 and Δ19A8+sr10051 transformants by Southern blot. The 
genomic DNA of the PCR confirmed transformants was isolated and subjected to southern blot. (A) gDNA 
of the PCR-positive Δ19A8+sr10050 transformants and wild-type S. reilianum was digested with restriction 
enzyme Acc65I, and then subjected to Southern analysis, using the sr10050 complementation construct as 
probe. Two bands were expected at 5.6 kb and 3.5 kb for the wild-type strain, and at 5.0 kb and 3.3 kb for 
the mutants. (B) gDNA of the PCR-positive Δ19A8+sr10051 mutants and wild-type S. reilianum was 
digested with the restriction enzymes BamHI and EcoRI, then subjected to southern analysis, using the 
sr10051 complementation construct as probe. Two bands were expected at 8.4 kb and 2.6 kb for wild-type 
strains and at 6.4 kb and 4.2 kb for the mutants. The selected transformants are marked with asterisks. 
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Figure 22. Virulence of S. reilianum Δ19A8+sr10050 and Δ19A8+sr10051 complementation strains on the 
maize cultivar Gaspe Flint. Virulence was assessed for three different combinations of independent 
transformants (ΔA8+50 #1, #2, #3, and ΔA8+51 #1, #2, #3) in comparison to the progenitor Δ19A8 (ΔA8) 
strains YZ33 × YZ57, wild type (WT) SRZ2_5-1 × SRZ1_5-2, Δsr10050 (Δ50) strains YZ75 × YZ80 and 
Δsr10051 (Δ51) YZ83 × YZ88 strains at 6 weeks post inoculation. (A) Disease incidence (percent of plants 
showing particular symptom as the strongest symptom displayed by the plants; left panels). (B) Disease 
severity (percent of inflorescences in each category per total number of inflorescences; right panels). Strains 
used were: ΔA8+50#1 (YZ150 × YZ156), ΔA8+51#1 (YZ160 × YZ166); ΔA8+50#2 (YZ151 × YZ157), 
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ΔA8+51#2 (YZ161 × YZ167), ΔA8+50#3 (YZ152 × YZ158), and ΔA8+51#3 (YZ162 × YZ168). ΔA8 
represents Δ19A8, Δ50 represents Δsr10050, Δ51 represents Δsr10051, ΔA8+50 represents Δ19A8+sr10050 
and ΔA8+51 represents Δ19A8+sr10051. At least 20 plants were used for inoculation with each strain 
combination. 
3.3.3 Vag2 and Sr10051 suppress leaf tip death  
Deletion of subcluster 19A8 increased the occurrence of plants showing leaf tip death 
(Figure 18). To track down which of the three genes of region 19A8 is responsible for the 
leaf tip death phenotype, the three single gene deletions (Δsr10050, Δsr10051, and 
Δsr10052.2) and the two complementation mutants (Δ19A8+sr10050 and 
Δ19A8+sr10051) were used to test the occurrence of leaf tip death after inoculation of 
maize seedlings. 
Deletion of either vag2 or sr10051 resulted in an increased number of plants showing leaf 
tip death in average (around 20% and 23%, respectively) compared to wild-type 
inoculated maize plant (Figure 23). The increase in leaf tip death did not occur when 
plants were inoculated with Δ19A8 strains that were complemented with either vag2 or 
sr10051 (Figure 24). However, the amount of plants showing leaf tip death inoculated by 
Δsr10052 deletion strains was similar to wild type (Figure 23). This result proves that 
both vag2 and sr10051 of subcluster 19A8 are able to suppress the leaf tip death 
phenotype occurring in maize plants inoculated by S. reilianum Δ19A8 strains, while 
sr10052.2 dose not.  
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Figure 23. Leaf tip death phenotype of single gene deletion strains of subcluster19A8 on maize maize 
Gaspe Flint.  Inoculated leaves of the maize cultivar Gaspe Flint were evaluated at 14 days post inoculation. 
(A, B, C, D) Leaf symptom incidence of Δsr10050 (Δvag2), Δsr10051 (Δ51) and Δsr10052.2 (Δ52) were 
compared to wild type and Δ19A8 (ΔA8) strains. At least three independent compatible combinations of 
deletion mutants were used for inoculations. The same strains as listed in Figure 20 were used: Δ50#1 
(YZ73 × YZ78), Δ51#1 (YZ82 × YZ87); Δ51#2 (YZ83 × YZ88), Δ52#1 (YZ103 × YZ109); Δ50#2 (YZ75 
× YZ80), Δ51#3 (YZ84 × YZ89), Δ52#2 (YZ104 × YZ110); Δ50#3 (YZ74 × YZ81), Δ51#3 (YZ84 × 
YZ89), Δ52#3 (YZ105 × YZ111).  At least 20 plants were used for each strain combination in every repeat.  
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Figure 24. The leaf tip death phenotype of vag2 and sr10051 complementation strains on maize Gaspe 
Flint. Inoculated leaves of the maize cultivar Gaspe Flint were evaluated at 14 days post inoculation. Leaf 
symptom incidence of ΔA8+sr10050 (ΔA8+50) and ΔA8+sr10051 (ΔA8+51) were compared to the 
progenitor ΔA8 strains YZ33 × YZ57, wild type (WT) SRZ2 × SRZ1, Δsr10050 (Δ50) YZ75 × YZ80 and 
Δsr10051 (Δ51) YZ83 × YZ88. Three independent compatible combinations of deletion mutants were used 
for infections. Strains used were: ΔA8+50#1 (YZ150 × YZ156), ΔA8+51#1 (YZ160 × YZ166); ΔA8+50#2 
(YZ151 × YZ157), ΔA8+51#2 (YZ161 × YZ167), ΔA8+50#3 (YZ152 × YZ158), and ΔA8+51#3 (YZ162 × 
YZ168). At least 20 plants were used for inoculation with each strain combination. 
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3.4 Characterization of Vag2  
3.4.1 Bioinformatic analysis of Vag2 
To uncover the probable function of Vag2, the amino acid sequence of Vag2 was 
analyzed using protein domain computational prediction servers. SignalP 4.0 (Petersen et 
al., 2011; Nielsen et al., 1997) predicted a secretion signal peptide from amino acid (AA) 
position 1 to 19 (D-value = 0.72). The predicted cleavage site is between AA position 19 
and 20 (VSA-TH) of Vag2 (D-cutoff = 0.450). PROSITE (Sigrist, 2012) revealed six 
phosphorylation sites in the Vag2 sequence; four of them were supposed to be protein 
kinase C phosphorylation sites at AA positions 22 - 24, 42 - 44, 54 - 56, and 109 - 111; 
two were predicted as casein kinase II phosphorylation sites at AA positions 120 - 123, 
and 158 – 161 (Figure 26). A nuclear export signal was predicted by the NetNES 1.1 
Server (la Cour et al, 2004) at AA position 172 – 181. Several O-glycosylation sites were 
predicted by NetOGlyc (Steentoft  et al., 2013) (Figure 25). 
3.4.2 Expression analysis of vag2 
To investigate the function of vag2 during plant colonization by S. reilianum, the 
expression of vag2 in planta was analyzed by quantitative RT-PCR. The transcripts of 
vag2 were quantified in axenically grown mating mixture of S. reilianum strains SRZ2_5-
1 and SRZ1_5-2 before inoculation, in S. reilianum colonized maize leaves at 2, 4, 6, and 
9 dpi, and at 31 dpi in maize ears. Expression in inoculated leaves and ears was calculated 
relative to the expression in axenic culture. The relative expression of vag2 was 
dramatically increased by around eighty times at 2 and 4 dpi in leaves and more than 
thousand times in the ear at 31 dpi (Figure 26). The notable increase in expression of vag2 
during the colonization of maize suggests a crucial role of vag2 throughout the biotrophic 
phase of S. reilianum.  
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Figure 25. Bioinformatic analysis of Vag2. Amino acids with a signal or post-translational modification 
prediction are highlighted; the color code is indicated below the sequence. The Signal peptide was predicted 
by SignalP4.1; O-glycosylation sites were predicted by NetOGlyc 4.0 server; phosphorylation sites were 
predicted by PROSITE and the nuclear export signal (NES) was predicted by NetNES 1.1 Server.  
 
Figure 26. Relative expression of sr10050 (vag2) in S. reilianum inoculated Z. mays ‘Gaspe Flint’ tissues. 
Samples were harvested from sporidia growing in liquid culture at OD = 0.6 (Axenic), from inoculated 
maize leaves at 2, 4, 6, and 9 dpi, or from ears of inoculated plants at 31 dpi. RNA isolated from collected 
samples were used for cDNA synthesis and subjected to qPCR. The expression of vag2 in all samples was 
normalized to expression values of the S. reilianum glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
gene (sr10940.2) and relative to the expression value of axenic culture. Error bars represent SEM of three 
biological replicates. Each biological replicate is a pool of at least 10 samples of different plants. 
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3.4.3 Proliferation pattern of vag2 deletion strains in maize  
To verify whether the deletion of vag2 affects fungal proliferation in maize Gaspe Flint, 
the fungal proliferation pattern of the vag2 deletion strains growing in maize leaves at 3 
dpi and in ears at 4wpi was investigated by fluorescence microscopy. Collected samples 
were subjected to WGA-Alexa Fluor / propidium iodide staining and analysis by 
fluorescence microscopy. Both wild-type and ∆vag2 strains could proliferate in the maize 
leaves (Figure 27 A, B, E, F) and ears (Figure 27 C, D, G, H). The hyphal morphology of 
wild-type and ∆vag2 strains was similar.   
To further analyze the fungal colonization density of ∆vag2 deletion strains in maize, 
fungal proliferation was quantified by qPCR. Maize leaves were collected at 3 dpi and 
attached nodes at 14 dpi from maize plants colonized with wild type of S. reilianum and 
∆vag2 deletion strains. Genomic DNA was isolated from collected samples and quantified. 
Δvag2 deletion strains showed a higher proliferation density in comparison to wild-type 
strains in leaf samples (Figure 28). In node samples, reduced levels of Δvag2 DNA were 
reproducibly detected, but the difference was not significant (p-value = 0.05) (Figure 28). 
These results indicate that deletion of vag2 did not lead to a general proliferation defect in 
maize. Instead, the Δvag2 deletion strains showed hyper-proliferation in maize leaves at 3 
dpi.  
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Figure 27. Proliferation pattern of Δvag2 deletion strains on Z. mays ‘Gaspe Flint’. Colonized leaf tissues 
(collected at 3 dpi) and ears (collected at 4 wpi) were cut to size, stained with WGA-Alexa Fluor (fungal 
hyphae, green), and propidium iodide (plant tissue, red) and analyzed by fluorescence microscopy. Wild 
type-inoculated leaves (A, B) and ears (C, D); leaves (E, F) and ears (G, H) of plants inoculated with ∆vag2 
deletion strains. 
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Figure 28. Proliferation density of Δvag2 deletion strains in leaves and nodes of colonized Z. mays ‘Gaspe 
Flint’. Genomic DNA amount were quantified in wild type and ∆vag2 colonized tissues by quantitative 
PCR. Fungal DNA abundance (gapdh) was normalized to plant DNA (actin). Ratio of DNA amount of vag2 
deletion strains relative to wild type was calculated as a measure of proliferation density. DNA was 
extracted from 3-cm pieces of 3rd leaves below the inoculation site at 3 dpi, and from 3rd nodes at 14 dpi. 
Error bars represent SEM of three biological replicates. Each biological replicate is a pool of 10 samples 
from different plants.  
3.4.4 vag2 deletion strains induce hydrogen peroxide (H2O2) production during the 
penetration stage in maize  
To check whether Δvag2 deletion strains trigger increased or reduced plant defense, H2O2 
production was investigated in maize leaves colonized by S. reilianum wild-type and 
Δvag2 deletion strains. 3,3'-Diaminobenzidine (DAB) staining was applied to detect H2O2 
generation in the maize leaves. Maize leaf pieces (about 3 cm) near the inoculation site 
were collected at 1 dpi. Collected leaf pieces were immersed into DAB staining solution 
immediately and incubated for 6 hours in the dark at room temperature, followed by 
destaining and microscopic analysis. The 1 dpi leaf samples were stained in addition with 
calcofluor to detect fungal appressoria on the leaf surface prior to microscopy. Maize 
leaves (1 dpi) inoculated with Δvag2 deletion strains showed dark brown dots of oxidized 
DAB precipitate indicating H2O2 generation at sites of penetrating appressoria (Figure 29 
C, D). In maize leaves inoculated with wild-type strains, H2O2 production was rarely 
detected (Figure 29 A, B). The shown result indicates that vag2 deletion strains are 
exposed to increased H2O2 production during penetration in maize leaves.   
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Figure 29. Hydrogen peroxide (H2O2) production in Z. mays ‘Gaspe Flint’ leaves during S. reilianum 
appressorium penetration. Maize leaves inoculated with S. reilianum wild-type (A, B) and ∆vag2 deletion 
strains (C, D) were collected at 1 dpi. Collected samples were stained with DAB immediately. Calcofluor 
was used to stain appressoria before microscopy. The white arrows mark appressoria and black arrows 
indicate accumulation of H2O2 deposition. At least 10 leaves were checked with similar results.  
3.4.5 Localization of Vag2 in S. reilianum  
To localize Vag2 in S. reilianum during maize colonization, a construct with gfp fused at 
the C-terminal end of vag2 was integrated in the vag2 native locus in two compatible 
Δvag2 deletion strains to create Δvag2+vag2:gfp strains. The selected transformants were 
verified by PCR and southern blot before maize inoculation. Disease was evaluated at 6 
wpi. Δvag2+vag2:gfp strains were unable to complement the reduced virulence phenotype 
of the Δvag2 deletion strains (Figure 30) indicating non-functionality of the Vag2-GFP 
fusion protein. 
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Figure 30. Virulence of S. reilianum Δvag2+vag2:gfp strains on the maize variety Gaspe Flint. Virulence 
was assessed for three independent transformants in comparison to wild type and to Δvag2 deletion strains 
by calculating the disease incidence (percent of plants showing a particular symptom as the strongest 
symptom displayed by the plants). Strains used were: WT (SRZ1_5-2 × SRZ2_5-1), Δvag2 (YZ75 × YZ80), 
Δvag2+vag2:gfp#1 (YZ272 × YZ276), Δvag2+vag2:gfp#2 (YZ273 ×YZ277), Δvag2+vag2:gfp#3 ( YZ274 
× YZ278). At least 20 plants were used for inoculation per strain combination. 
Although the Vag2-GFP fusion failed to functionally complement the lack of Vag2, I 
used the fusion-expressing strains to investigate whether the Vag2-GFP fusion is secreted 
from fungal hyphae in planta. To this end, I examined maize tissues of plants inoculated 
with Δvag2+vag2:gfp strains with fluorescence microscopy. Inoculated maize leaves were 
collected at 1, 2, and 3 dpi. GFP fluorescence was detected in and around the fungal 
hyphae in maize leaves (Figure 31 A, B). Inoculated maize ears were collected at 4 wpi, 
cut longitudinally to fine slices and analyzed by fluorescence microscopy. The GFP signal 
could be detected around the fungal hyphae as well (Figure 31 C, D). This result suggests 
that Vag2 is secreted by S. reilianum during maize colonization. 
3.4.6 Identification of Vag2 interaction partners 
Since Vag2 may be secreted by S. reilianum during plant colonization (Figure 31), it may 
interact with plant proteins. To identify potential interaction partners of Vag2, a yeast 
two-hybrid experiment was carried out using the Matchmaker
TM
 Gold Yeast Two-Hybrid 
system. The bait protein was expressed as a Gal4 DNA-binding domain (BD) fusion 
protein, and prey proteins were expressed as Gal4 activation domain (AD) fusion 
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Figure 31. Localization of Vag2-GFP expressed in S. reilianum during Z. mays ‘Gaspe Flint’ colonization. 
(A, B) maize leaves colonized by the Δvag2+vag2:gfp strains analyzed at 3dpi. (C, D) maize ears colonized 
by the Δvag2+vag2:gfps trains colonized maize ears collected at 4 wpi, longitudinally cut and subjected to 
fluorescence microscopy. The left panels show the GFP channel and the right panel show the GFP merged 
with bright field.   
proteins. The library of prey proteins was created from RNA isolated from S. reilianum-
colonized maize leaves and ears that was mixed with RNA from an axenically grown 
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mating mixture of the same S. reilianum strains. Highly-enriched fragments were reduced.  
The normalized library was created by BioS&T as described in (Ghareeb, 2010). The N-
terminal end of Vag2 lacking its signal peptide was fused to BD to generate the bait 
construct pGBKT7-Vag2ΔSP. The bait construct was transformed into yeast strain 
Y2HGold to produce the Y2HGold-BD-Vag2ΔSP strain. The expression of BD-Vag2ΔSP 
was verified by Western blot using a monoclonal antibody against the c-myc tag. A 
protein band of a size around 40 kD could be detected (Figure 32B), indicating that the 
generated strain expressed the full length BD-c-myc-Vag2ΔSP fusion protein.  
In the Matchmaker™ Gold Yeast Two-Hybrid System, four reporter genes are used in the 
Y2HGold yeast strain to detect two-hybrid interactions; AUR1-C, which is an 
aureobasidin A resistance gene, MEL1 encodes galactosidase that can metabolize α-X-
GAL into a blue colored substance, ADE2 unable adenine auxotrophy strains to grow on 
Ade minimal medium and HIS3 confers histidine auxotrophy. As a start, I tested a 
possible auto activation of reporter gene expression by BD-Vag2ΔSP in Y2HGold 
without a prey protein. The Y2HGold-BD-Vag2ΔSP strain was mated with the yeast 
strain Y187-AD that carries the empty plasmid pGADT7 encoding the AD of GAL4. The 
resulting diploids were tested for growth on SD medium supplemented with Aureobasidin 
A (125 ng/ml) and α-X-GAL, and lacking adenine and histidine (-Ade/-His). Y187-AD-T 
encodes the AD fused with SV40 large T-antigen and was mated with Y2HGold-BD-Lam 
that encodes the Gal4 BD fused with lamin, and served as a negative control. Y2HGold-
BD-53 encodes the Gal4 DNA-BD fused with murine p53 and was mated with Y187-AD-
T to serve as a positive control. All diploids resulting from the mating could grow on SD 
medium lacking Trp and Leu (SD/-Trp/-Leu) (Figure 32A). The negative control and the 
diploid cells expressing both BD-Vag2 and AD were unable to grow on SD medium 
lacking Trp and Leu and containing X--Gal and aureobasidin (SD/-Trp/-Leu/X/A) and 
on SD medium lacking Trp, Leu, Ade and His and containing X--Gal (SD/-Trp/-Leu/-
Ade/-His/X), whereas the positive control could grow on both media and formed blue 
colored colonies (Figure 32A). This result indicates that Vag2 could not activate any of 
the reporter genes by itself, and that AUR1-C, MEL1, ADE2 and HIS3 markers can be 
used for selection of interaction partners of Vag2. 
To identify potential interaction partners for Vag2, BD-Vag2ΔSP was used as bait and 
tested against the library of cDNA from S. reilianum-infected maize tissues fused with 
AD (AD-PREY). 1 × 10
8
 cells of the Y2HGold-BD-Vag2ΔSP and 1 × 107 cells of the 
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Y187-AD-PREY were mated resulting in 1 × 10
6
 independent diploids growing on SD/-
Trp/-Leu medium. Of these, 650 diploids grew on SD/-Ade/-His/A medium indicating the 
presence of AD-PREY plasmids encoding proteins that interact with BD-Vag2ΔSP in 
yeast. 
 
 
Figure 32. Expression of only BD-Vag2∆SP does not lead to 
auto-activation of the reporter genes in the Y2HGold/Y178 
diploid fusion strains of S. cerevisiae. (A) Diploid yeast 
strains containing the plasmids pGBKT7 and pGADT7, or 
derivatives thereof that encode the BD and AD alone or 
fused with Vag2ΔSP, P53 or T and Lam proteins. Diploids 
containing both bait and prey plasmid could grow on SD/-
Trp/-Leu. Interactions of the proteins fused with BD and AD 
could activate the reporter genes and survive on SD/-Trp/-
Leu/A/X or SD/-Trp/-Leu/-Ade/-His/X. The diploids 
expressing Vag2ΔSP + AD could not grow on SD/-Trp/-Leu 
/A/X nor SD/-Trp/-Leu/-Ade/-His/X, indicating that Vag2 
could not activate the reporter genes in yeast alone. A, Aureobasidin A; X, X-α-GAL; Trp, tryptophan; Leu, 
leucine; Ade,  Adenine; His, histidine; (+) positive control; (-) negative control. (B) Immunodetection of 
BD-Vag2ΔSP and BD in protein extracts of Y2HGold strains carrying the plasmids pGBKT7-BD-Vag2ΔSP 
and pGBKT7-BD, respectively, with an antibody specific for the c-myc tag (top). As loading control, the 
blotting membrane was strained with Coomassie Blue (bottom). The expected size for BD-Vag2ΔSP and 
BD are around 40 kDa and 20 kDa, respectively. 
3. Results                                                                                                                                       72 
 
 
Two rounds of selection on SD/-Trp/-Leu/-Ade/-His/A medium were performed. In the 
second round selection, the selection stringency was increased by addition of 3-amino-
1,2,4-triazole (3-AT) to a final concentration of 25 mM to the medium. In the end, 158 
diploids passed the two rounds of selection and were used to isolate the AD-Prey 
plasmids encoding potential Vag2 interaction partners (Vag2-IP). The isolated plasmids 
were amplified in E. coli and sent for insert sequencing. The sequenced interaction 
partners` sequences were aligned to each other and resulted in 62 unique sequences. The 
final 62 interaction partners` sequences were annotated by comparison to nucleotide 
databases using BLAST (BLASTN; Altschul et al., 1990) at NCBI and using the 
MaizeGDB database (Monaco et al., 2013). The annotated proteins were functionally 
classified according to their biological function. No fungal protein was identified as 
potential interaction partner. Instead, mainly intracellular, cytoplasmic plant proteins were 
identified. Interestingly, a large fraction of the annotated interaction partners with known 
function had predicted functions in plant metabolism, transcription / DNA binding 
proteins and signaling transduction proteins (Table 7).  
Table 7. List of Vag2 interaction partners identified by Yeast Two-Hybrid 
Name 
IP 
Frequency Gene ID Description 
Metabolism   
IP1 24 GRMZM2G179454 Zea mays chorismate mutase(Zm Cm2) 
IP2 11 GRMZM2G027663 Pupative ThiC superfamily protein 
IP3 10 GRMZM2G006329 Zea mays Enzyme: pleckstrin homology (PH) domain 
containing protein  
IP4 6 GRMZM2G135588 Putative citrate synthase family protein 
IP5 4 GRMZM2G081585 Chloroplastic iron-superoxide dismutase (sodB) 
IP6 3 AC208571.4_FG001 Hypothetical protein containing a haloacid dehalogenase-
like hydrolase family domain / NHL repeat domain  
IP7 3 GRMZM2G300862 Aspartate kinase 
IP8 3 GRMZM2G014788 Unknown protein containing Carboxypeptidase regulatory-
like domain;  
IP9 2 GRMZM2G135588 Aspartatekinasehomoserine dehydrogenase2 (akh2) 
IP10 2 GRMZM2G049538 Terpene synthase1  
IP11 1 GRMZM2G151934 Zea mays protein DA1-related 2-like 
IP12 1 GRMZM2G043198 Pyruvate dehydrogenase2 (pdh2) 
IP13 1 GRMZM2G121612 Starch synthase 
IP14 1 GRMZM2G118806 Uncharacterized protein with proteolysis and peptidase 
activity 
IP15 1 GRMZM2G088689 2-Oxoisovalerate dehydrogenase (acylating)  
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IP16 1 GRMZM2G448142 Putative NADH-quinone oxidoreductase subunit K 
Transcription/DNA binding  
IP417 7 GRMZM2G100246 Unknown protein containing NOT2,3,5 domain  
IP18 4  GRMZM2G440943 Helicase/SANT-associated, DNA binding protein  
IP19 2 GRMZM2G351304  Uncharacterized protein  containing chromosome 
segregation protein SMC domian 
IP20 2 AC225308.2_FG005 Putative homeodomain-like transcription factor 
superfamily protein 
IP21 1 GRMZM2G133016 MYB DNA-binding domain superfamily protein  
IP22 1 GRMZM5G876621 Zea mays putative RING zinc finger domain superfamily 
protein 
IP23 1 GRMZM2G377369 Uncharacterized protein containing DNA binding site  
IP24 1 AC226373.2  Zinkfinger C-x8-C-x5-C-x3-H type family protein 
IP25 1 GRMZM2G340749  General negative regulator of transcription 
Protein process  
IP26 5 GRMZM2G027282 Proteasome 26S subunit 6A (RPT5a) 
IP27 3 GRMZM2G168119 Putative HSP20-like chaperone domain family protein  
IP28 2 GRMZM2G134980 Putative dnaJ chaperone family protein 
IP29 2 GRMZM2G006781 Conserved oligomeric Golgi complex subunit 8 
IP30 1 GRMZM2G551402  Unknown protein containing a Ubiquitin carboxyl-terminal 
hydrolase domain  
IP31 1 GRMZM2G012631 HSP protein (HSP90-2) 
IP32 1 GRMZM2G137495 DnaJ domain or J-domain.  DnaJ/Hsp40 (heat shock 
protein 40)  
IP33 1 GRMZM2G162968 Chaperone protein ClpB2 
IP34 1 GRMZM2G154312  Co-chaperone protein SBA1 
Signaling   
IP35 4 GRMZM2G038982  Uncharacterized protein containing a  STKc_MAP3K-like 
domain 
IP36 3 GRMZM2G126946  Zea mays putative calcium-dependent lipid-binding (CaLB 
domain) family protein 
IP37 1 GRMZM2G152877  Uncharacterized protein containing F-box-like and Cupin-
like domain domain 
IP38 1 GRMZM2G326472  Uncharacterized protein containing a  STKc_MAP3K-like 
domain 
Nuclearprocesses  
IP39 2 GRMZM2G159028 RNA bindingprotein 
IP40 1 GRMZM2G111014 Unknown protein containing DNA gyrase subunit  
IP41 1 GRMZM2G588223 Hypothetical protein ZEAMMB73 containing Double-
stranded RNA binding motif. 
IP42 1 GRMZM2G030128 DNA repair-recombination protein (rad50)  
IP43 1 AC205703.4_FG010 Hypothetical protein ZEAMMB73_142911/ATPase 
involved in DNA replication, recombination, and repair 
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Cytoskeletontrafficking  
IP44 3 GRMZM2G123624 Clathrin binding protein 
IP45 2 GRMZM2G056645 BEACH domain-containing protein 
Miscellaneous  
IP46 2 GRMZM2G123537 Zea mays pumilio homolog 3-like 
IP47 2 GRMZM2G098819 Unknown protein contaning Mob1/phocein family domain  
IP48 2 GRMZM5G827171 Unknown protien containing TPR domain  
IP49 2 GRMZM2G142168 Unknown protein containing VHS, ENTH and ANTH 
domain superfamily 
IP50 1 GRMZM2G169098 Unknown protein containing histidine kinase-like ATPases 
domain 
IP51 1 GRMZM2G033478 Unknown protein containing agenet domain 
IP52 1 GRMZM2G117458 SET domainprotein SDG111 
unknown   
IP53 4 XM_008651964.1 Unknown protein 
IP54 2 GRMZM2G131733 Unknown protein 
IP55 2 XM_008651964.1 Unknown protein 
IP56 2 NM_001176090.1 Unknown protein 
IP57 1 XM_008652764.1 Unknown protein 
IP58 1 XM_008674422.1 Unknown protein 
IP59 1 NM_001196554.1 Unknown protein 
IP60 1 NM_001152240 Uncharacterized protein 
IP61 1 XM_008662081.1 Unknown protein 
IP62 1 GRMZM2G077809 Unknownprotein 
 
To confirm interaction of the resulting candidates, the five most frequently detected 
Vag2-IPs (IP1, IP2, IP3, IP4 and IP26) that were putatively involved in plant metabolism 
and protein process were confirmed. To this end, the five prey plasmids were 
retransformed into the Y178 strain and mated with the Y2HGold-BD-Vag2ΔSP. 
Resulting diploids were tested for interaction by growth on SD/-Trp/-Leu/-Ade/-His/A 
medium, where all of them showed good growth (Figure 33).  
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Figure 33. Confirmation of Vag2 interaction partners in Yeast. Confirmation of the five most often detected 
interaction partners of Vag2. Yeast diploids expressing Vag2 interaction partners (IP) and either BD or BD-
Vag2ΔSP were inoculated on SD/-Trp/-Leu (top) and SD/-Trp/-Leu/-Ade/-His/A (bottom) media. Negative 
controls: Yeast strains expressing BD- Vag2ΔSP and AD (1), BD-LAM and AD-T (2); positive control: 
Yeast strains expressing BD-P53 and AD-T (3). 
3.4.7 Vag2 interacts with the Zea maize chorismate mutase2 in planta 
Among the interaction partners of Vag2, IP1 encoding the maize chorismate mutase 2 
(ZmCm2) was the one that was most frequently detected (Table 7). To confirm that Vag2 
interacts with ZmCm2 in planta, a bimolecular fluorescence complementation (BiFC) 
assay was carried out in Agrobacterium tumefaciens - infiltrated tobacco (Nicotiana 
benthamiana) leaves. Vag2 lacking its signal peptide was N-terminally fused to the C-
terminal half of the yellow fluorescent protein (YFP; C-YFP-Vag2ΔSP) to generate the 
plasmid pESPYCE-Vag2ΔSP; and full length of  ZmCm2 cDNA was cloned into 
pESPYNE by N-terminally fusing the N-terminal half of YFP (N-YFP-ZmCm2) to 
generate plasmid pESPNE-ZmCm2. Each plasmid was transformed into A. tumefaciens 
GV3101 (pMP90RK) strain separately, and was co-expressed in N. benthamiana 
following A. tumefaciens mediated transformation. Two days after infiltration the 
transformed tobacco leaves were analyzed by fluorescence microscopy. In the analyzed 
tobacco leaves, a strong YFP fluorescence signal was detected in the epidermal cells that 
expressed C-YFP-Vag2ΔSP and N-YFP-ZmCm2 (Figure 34, A), showing that Vag2 and 
ZmCm2 can interact when expressed in plant cells. Control experiments in which the C-
terminal part of YFP was co-expressed with N-YFP-ZmCm2 or the N-terminal part of 
YFP was co-expressed with C-YFP-Vag2ΔSP, did not show YFP fluorescence (Figure 34, 
C, D). This result confirmed that Vag2 can interact with maize chorismate mutase 2 in 
planta.  
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Figure 34. Bimolecular fluorescence complementation (BiFC) analysis of Vag2 interaction with ZmCm2 in 
planta. Fluorescence was observed in the transformed N. benthamiana leaf epidermal cells, resulting from 
complementation of the N-terminal part of the YFP fused with ZmCm2 (N-YFP-ZmCm2) by the C-terminal 
part of the YFP fused with Vag2 (C-YFP-Vag2ΔSP) (A). Controls expressed C-YFP-Vag2ΔSP with N-YFP 
(B) and N-YFP-ZmCm2 with C-YFP (C). Signal was checked at 3 days after infiltration by fluorescence 
microscopy. Right panels show the GFP channel, the middle panels show the bright field and the right 
panels show the merged from GFP channel and bright field.  
3.4.8 ∆vag2 deletion strains induce SA-related defense gene expression in maize  
The Vag2 interaction partner maize chorismate mutase2 (Figure 34) is a pivotal shikimate 
biosynthetic enzyme that catalyzes the conversion of chorismate into prephenate 
(Eberhard et al., 1996). Chorismate is also a precursor for biosynthesis of salicylic acid 
(SA) (Wildermuth et al., 2001). Therefore I speculated that the interaction of Vag2 with 
ZmCm2 interferes with biosynthesis of SA in the host. To investigate whether presence of 
vag2 in S. reilianum leads to altered SA levels in colonized plant tissues, I measured 
expression of the two SA-indicator genes pathogenesis-related gene 1 (PR1) and 
pathogenesis-related gene 5 (PR5) by quantitative RT-PCR in maize plants that were 
3. Results                                                                                                                                       77 
 
 
inoculated with water, S. reilianum wild-type and Δvag2 deletion strains. At 6 dpi, leaf 
sections of two centimeters in size were collected from the inoculated leaves below the 
inoculation sites, and at 4 wpi colonized ears were collected. Total RNA was isolated 
from collected samples and used for synthesis of cDNA, which was used as template in 
qPCR experiments. 
 
Figure 35. Relative expression of the SA-induced defense genes PR1 and PR5 in Z. mays ‘Gaspe Flint’. 
Maize plants were inoculated with H2O (Mock), and S. reilianum wild-type (WT) and ∆vag2 deletion 
strains. Samples were collected from inoculated leaves at 6 dpi (A, C) and from ears at 4 wpi (B, D). qRT-
PCR was performed with PR1 and PR5 gene-specific primers. Expression levels of PR1 (A, B) and PR5 (C, 
D) were normalized to the reference gene ZmActin (GRMZM2G126010). The experiment was performed in 
three biological replicates. For each replicate, 10 leaves and 10 ears from different maize plants were 
collected for RNA isolation. Error bars represent SEM and asterisks indicate a significant difference (p < 
0.05) of mutant relative to wild-type inoculations. 
In comparison to samples colonized with S. reilianum wild-type strains, PR1 was three 
and five times upregulated in leaves and ears, respectively, that were colonized with 
vag2 deletion strains (Figure 35 A, C). The transcript levels of PR5 were eight and three 
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times higher in leaves and ears colonized with vag2 deletion strains when compared to 
wild-type colonized tissues (Figure 35 B, D). This result showed that the SA-related 
defense genes PR1 and PR5 were upregulated in maize tissues inoculated with vag2 
deletion strains indicating that Vag2 might suppress or interfere with the SA related 
defense in the host during S. reilianum colonization. 
3.4.9 Deletion of vag2 did not significantly increase the SA level in colonized maize 
leaves and ears 
The observed upregulation of the SA indicator genes PR1 and PR5 in maize tissues 
inoculated with vag2 deletion strains (Figure 35) suggests an elevation of the SA level in 
maize tissues colonized with Δvag2 deletion strains. Therefore, I collected samples for 
quantification of the SA content in maize tissues inoculated with either H2O, wild-type S. 
reilianum or vag2 deletion strains. Two-centimeter leaf sections were collected at 6 dpi 
from above (Up) and from below (Down) the inoculation site. Ear samples of the same 
approximate size were collected at 4 wpi. The collected samples were frozen in liquid 
nitrogen, ground to a fine powder, and sent to the group of Prof. Dr. Ivo Feußner 
(Universität Göttingen) for SA extraction and quantification. Concentration of SA was 
determined using high-performance liquid chromatography (HPLC). Inoculation of maize 
with S. reilianum resulted in an elevated SA level in both leaf and ear samples compared 
to mock-inoculated plants (Figure 36). In the Up leaf samples, SA concentration did not 
show differences between samples inoculated with S. reilianum wild-type or Δvag2 
deletion strains (Figure 36 A). In the Down leaf samples, SA concentration was elevated 
in samples inoculated with Δvag2 deletion strains in comparison to wild type inoculations, 
however the differences were not significant (Figure 36A). The same tendency was 
observed in ear samples, where the SA concentration was reproducibly but not 
significantly higher in samples inoculated with Δvag2 deletion strains than with wild-type 
strains (Figure 36 B).  
3. Results                                                                                                                                       79 
 
 
 
Figure 36. Salicylic acid (SA) amount in maize tissues inoculated with S. reilianum. SA amount in the 
maize tissues colonized with S. reilianum wild-type (WT) and Δvag2 deletion strains (Δvag2), or with H2O 
(Mock). (A) SA levels of samples collected from maize leaves either above (Up) or below (Down) the 
inoculation site at 6 dpi. (B) SA levels of maize ears collected at 4 wpi. 10 leaves or 10 ears were collected 
from different plants for each biological experiment and three biological replicates were used. Error bars 
indicate SEM. 
3.4.10 S. reilianum infection leads to changes in the metabolism of the host 
Vag2 interacts with several maize proteins with a predicted function in the primary 
metabolism (Table 7). To investigate, whether potential interaction of Vag2 with these 
enzymes leads to an altered primary metabolism, a metabolite profiling experiment was 
carried out. Maize leaves inoculated with H2O (Mock), S. reilianum wild-type or Δvag2 
deletion strains were collected at 6 dpi. Leaf sections (around 2 cm in size) from above 
(Up) and from below (Down) the inoculation site were collected separately for each 
inoculation. Collected leaf samples were frozen in liquid nitrogen, ground to a fine 
powder, and sent to the group of Dr. Joachim Kopka (MPI, Potsdam) for extraction and 
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analysis of metabolites by gas chromatography - mass spectrometry (GC-MS). Three 
biological replicates per treatment with a second group of technical replicates were 
utilized (six in total), and for each biological replicate 8 - 10 leaves from different plants 
were collected. The relative metabolite contents were represented by the peak heights of 
the molecule peaks in the MS spectrum that were relative to the peak height for sorbitol. 
The data was normalized to the fresh weight and then log-transformed. 
In the end, 94 different metabolites that belong to 9 different groups were identified (see 
Figure 38). Independent component analysis (ICA) was performed with all samples to 
estimate if different inoculations could be distinguished by their respective metabolite 
profile. The S. reilianum wild type-inoculated samples, both Up (Red, triangular) and 
Down (Red, rectangular) samples, separated clearly from mock samples, both Up (Green, 
triangular) and Down (Green, rectangular) samples. However, the Up (Blue, triangular) 
and Down (Blue, rectangular) experiments representing ∆vag2 deletion strains located in-
between mock samples and wild-type samples, and did not clearly separate from either 
mock samples or wild-type samples (Figure 37). The shown result indicates that S. 
reilianum infection caused metabolism differences in both the Up and Down leaf samples 
when compared to mock samples. However, ∆vag2 deletion strain infected leaf samples 
do not have big differences compared to wild-type infected leaf samples.  
To further investigate which metabolites differ largely between different samples 
inoculated by S. reilianum wild-type, ∆vag2 deletion strains and water, a graphical 
visualization of the detected 94 metabolites was performed as a heat map using the 
software R. The heat map was based on the relative averaged normalized amount of each 
metabolite, where the highest value of the samples was set to 100%. Each sample is 
visualized in a single column and each metabolite is represented by a single row. The 
comparison is only feasible between different samples within the same metabolite, not 
between metabolites.  
Most metabolites were increased in wild-type Down samples in compared to mock Down 
samples and belonged to amino acids, sugars, phosphates, polyols, and polyhydroxy acids. 
A similar pattern was observed in the Up samples between WT and mock, except for 
several polyhydroxy acids and amino acids that were decreased in wild-type inoculated 
Up samples. Unfortunately, no significant differences in the relative amount of 
metabolites were uncovered between Down samples of wild-type and ∆vag2 deletion 
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strains. Most metabolites were increased in Down samples of ∆vag2 deletion strains 
compared to mock Down samples, but were slightly reduced in comparison to WT Down 
samples (Figure 38).  
 
Figure 37. Independent component analysis (ICA) of data obtained from maize leaf samples inoculated 
with S. reilianum. ICA of metabolism profiling data from maize leaves inoculated with S. reilianum wild-
type (WT), ∆vag2 deletion strains and water control (Mock). Leaf sections (around 2 cm ) from above (Up) 
and from below (Down) the inoculation site were collected separately for each inoculation at 6 dpi. A non-
targeted metabolism profiling of these samples were performed. Independent component one (IC1) is 
plotted against independent component two (IC2). Picture provided by Dr. Jens Schwachtije.  
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Figure 38. Heat map visualization of differences in the relative amount of metabolites between maize leaf 
samples inoculated with different S. reilianum strains. Relative amounts were calculated from the peak 
height in the MS spectrum, were then normalized to the internal control sorbitol and the fresh weight, and 
were log-transformed. Following this, the data was maximum normalized (samples with the highest relative 
amount of metabolite were set to 100% in each metabolite). Leaf samples were collected above (Up) or 
below (Down) the inoculation site at 6 dpi after inoculation with water (Mock), S. reilianum wild-type or 
∆vag2 deletion strains. Each sample is visualized in a single column and each metabolite is represented by a 
single row. Red indicates high abundance, whereas low relative metabolite concentrations are green (cf. 
scale is next to heat map). Metabolites were clustered into different groups indicated by brackets.  
3.4.10.1 Hexose accumulated in maize leaves infected by S. reilianum  
As observed in the heat map, several sugars increased in samples inoculated with both S. 
reilianum wild-type and ∆vag2 deletion strains (Figure 38). I specially analyzed sucrose, 
glucose, and fructose levels in the six different samples, since they are the main sugar 
forms that are involved in glycolysis, and sucrose as well as glucose and fructose are the 
main carbon sources in plant pathogens (Voll et al., 2011). The sucrose level did not show 
significant differences between all six samples (Figure 38, right panel). In contrast, the 
glucose and fructose amount increased 3 and 6 times in leaf samples inoculated with 
either S. reilianum wild-type or ∆vag2 strains compared to mock samples (Figure 39). 
And no differences were observed between inoculated leaf samples of S. reilianum wild-
type and ∆vag2 deletion strains (Figure 39).  
 
Figure 39. Relative amount of sugars in maize leaves inoculated with S. reilianum. Relative amount was 
calculated from the peak height, normalized to sorbitol and to the fresh weight, and was log-transformed. 
Leaf samples were collected above (Up) or below (Down) the inoculation site at 6 dpi after inoculation with 
water (Mock), S. reilianum wild-type or ∆vag2 deletion strains. The relative amounts of glucose (left panel), 
fructose (middle panel), and sucrose (right panel) are shown. Three biological and 6 technical repeats were 
used, averages from all repeats are shown in the graphs and error bars indicate the SEM. Statistical analysis 
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was done using one way ANOVA; statistically significant differences are labeled with letters a, b and c (P < 
0.05).     
3.4.10.2 More pyruvate accumulated in leaves inoculated with S. reilianum wild-type strains 
The glycolysis pathway intermediates glucose-6-phosphate, fructose-6-phosphate and 
pyruvate were relatively more abundant in S. reilianum-colonized leaf samples than in 
mock-treated leaves (Figure 40, Down). For all three metabolites, the levels were higher 
in samples colonized by wild-type strains than vag2 deletion strains (Figure 40, Down). 
For the leaf samples taken from above the inoculation point, no obvious difference in the 
levels of the four metabolites was detected, except maybe an increase in pyruvate in 
samples of wild-type inoculated leaves (Figure 40, Up).  
 
Figure 40. Relative amount of glucose-6-phosphate, fructose-6-phosphate and pyruvic acid in maize leaves 
inoculated with S. reilianum. Relative amount was calculated from the peak height, normalized to sorbitol 
and to the fresh weight, and was log-transformed. Leaf samples were collected above (Up) or below (Down) 
the inoculation site at 6 dpi after inoculation with water (Mock), S. reilianum wild-type or ∆vag2 deletion 
strains. Three biological and 6 technical repeats were used, averages from all repeats are shown in the 
graphs and error bars indicate the SEM. Statistical analysis was done using one way ANOVA; statistically 
significant differences are labeled with letters a, b and c (p < 0.05).        
3.4.10.4 Absence of vag2 did not change the respiration rate of inoculated maize 
leaves 
To investigate whether the differences in pyruvate concentration resulted from changes in 
respiration rate, the dark respiration rate of maize leaves inoculated with wild-type or 
∆vag2 deletion stains, or treated with water (Mock) were measured at 6 dpi. The maize 
plants were kept in the dark for 1 hour before measuring. Two-centimeter leaf sections 
from above (Up) and below (Down) the inoculation site were used to measure the oxygen 
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consumption rate with the FireStingO2 device (Pyro Science) kindly provided by Prof. Dr. 
Joost van Dongen (RWTH Aachen). S. reilianum colonization caused an increase in the 
respiration rate in maize leaves compared to mock-inoculated plants (Figure 41). However 
no difference in respiration rate in the leaves colonized with wild-type and ∆vag2 deletion 
strains could be detected, suggesting that the different levels of pyruvic acid between wild 
type and mutant were not caused by an increased respiration rate (Figure 41). 
 
Figure 41. Respiration rate of maize leaves colonized with S. reilianum. Maize leaf samples inoculated with 
wild type, ∆vag2 stains and H2O (Mock) were collected at 6 dpi. The oxygen consumption rate was 
measured in the dark using FireStingO2 (Pyro Science). The experiment was performed in three biological 
repeats and 8 leaves from different plants were measured for each biological repeat. The error bars indicate 
the SEM and asterisks indicate a significant difference (p < 0.05) of mock relative to wild-type and mutant 
inoculations. 
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4. DISCUSSION  
The long-term goal of our investigations is to understand the molecular details leading to 
symptom formation of S. reilianum on maize, i.e. to understand how S. reilianum modulates 
maize development. Plant development can be influenced by plant-associated microbes with 
the help of a repertoire of effectors that alter host developmental processes to the benefit of 
microbes (Hogenhout et al., 2009). Xanthomonas campestris pv. vesicatoria, the causal agent 
of bacterial spot in pepper and tomato depends on a conserved type III secretion (T3S) system 
to inject more than 25 different effector proteins into the plant cell (Buttner and Bonas, 2002). 
One of these effectors is AvrBs3, which induces hypertrophy of the pepper mesophyll tissue 
by mimicking a eukaryotic transcription factor to regulate the expression of a cell size 
regulator, upa20. (Marois et al., 2002; Kay et al., 2007). Effector SAP54, produced by insect-
transmitted bacterial plant pathogens phytoplasmas, was identified to be responsible for 
formation of leaf-like flowers in Arabidopsis (MacLean et al., 2011). The transformation of 
leaf-like flowers was achieved by degradation of MADS-domain transcription factor (MTF) 
family that regulates the development of the inflorescence by SAP54 (MacLean et al., 2014). 
In this study, I investigated the contribution to virulence and the leaf tip death phenotype of 
putative effector candidates of S. reilianum located in the divergence region cluster 19A. 
4.1 Both virulence and avirulence effectors exist in subcluster 19A5  
Former studies revealed that deletion of subcluster 19A5 reduced the capacity of S. reilianum 
to induce spore formation on the maize cultivar Gaspe Flint by 47% (Figure 6). Subcluster 
19A5 comprises six protein-encoding genes (Figure 8), of which only three (sr10057, sr10059 
and sr10060) show significant transcript abundance in S. reilianum-colonized ears (Hassan 
Ghareeb, unpublished). I tested the possible contribution of each of the three putative 
effectors to virulence by generation of single gene deletion strains of S. reilianum.  
Analysis of the virulence capacity of the three effector gene deletion mutants showed that 
deletion of sr10057 or sr10059 caused a small reduction in spore formation on maize, while 
deletion of sr10060 slightly increased S. reilianum's capacity for spore formation (Figures 9, 
10, 11). This suggests that all three tested genes encode effector proteins that modulate 
virulence of S. reilianum, with sr10057 and sr10059 contributing positively to virulence and 
sr10060 having a negative effect on virulence of S. reilianum. However, to clearly link the 
effect on virulence to the deleted genes, the existing data need to be confirmed by a 
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complementation experiment, in which the deleted genes are re-introduced into the deletion 
strains, which should lead to the restoration of wild-type levels of virulence.  
Bioinformatic analysis of Sr10057 suggests that it contains a signal peptide for secretion 
(SignalP 4.1, D-value = 0.869, cutoff = 0.45) and might be a cytosolic protein (PSORT). 
Although neither secretion from S. reilianum nor uptake into the plant cytosol has been shown 
for Sr10057, both secretion and uptake have been confirmed for its closest homolog, Tin2 of 
U. maydis (um05302) (Tanaka et al., 2014). Tin2 shows 41% amino acid identity to Sr10057 
(Figure 9A) and is encoded at the syntenic position in the U. maydis genome (Schirawski et 
al., 2010). Deletion of tin2 leads to U. maydis strains showing reduced tumor formation that 
fail to induce the typical anthocyanin coloration of U. maydis-colonized maize seedling leaves 
(Brefort et al., 2014). Tin2 has been shown to interact with and stabilize the maize protein 
kinase ZmTTK1 (Brefort et al., 2014). ZmTTK1 is known to phosphorylate the transcription 
factor ZmR1 that induces expression of anthocyanin biosynthesis genes (Ludwig and Wessler, 
1990; Dooner et al., 1991). Since lignin and anthocyanin share the same precursor, activation 
of anthocyanin biosynthesis leads to reduced levels of lignin, which was suggested to 
facilitate nutrient uptake and spread of fungal hyphae (Tanaka et al., 2014). In spite of overall 
amino acid conservation that includes the ZmTTK1-interacting amino acids, the tin2 homolog 
sr10057 might have a different function in S. reilianum. To see whether sr10057 can 
functionally replace tin2, sr10057 was expressed under the control of the tin2 promoter in the 
ip locus of U. maydis Δtin2 deletion strains, which did neither complement the reduced 
virulence nor the loss of anthocyanin generation phenotypes (Thomas Brefort, personal 
communication). In U. maydis, expression of tin2 in the Δcluster19A1 deletion strains results 
in an increase in virulence (Thomas Brefort, personal communication). However, when we 
performed the analogous experiment in S. reilianum by expression of sr10057 in the S. 
reilianum Δ19A1A2 deletion strains, this did not lead to an increase in virulence. Instead, 
expression of sr10057 led to an even lower rate of spore formation than the Δ19A1A2 strains 
(Ghareeb, 2010). Although in none of the sr10057-expressing mutants the transcript level of 
sr10057 has been determined, its expression is very likely in both cases. This suggests that 
Sr10057 cannot functionally replace Tin2 in U. maydis and does not have an analogous 
function in S. reilianum. Possibly, Sr10057 needs other effector proteins of cluster19A to 
fulfill its virulence function, or might only be functional in maize inflorescences but not in 
leaves.  
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sr10059 encodes a small protein containing a predicted secretion peptide (SignalP 4.1, D-
value = 0.816, cutoff = 0.45). The closest homolog is um05306 of U. maydis with an amino 
acid identity of 36%. A weak conservation of amino acids along the full length of the protein 
sequence was observed (Figure 9 B). In U. maydis, deletion of um05306 and um05305 did not 
affect tumor formation on maize seedling leaves (Brefort et al., 2014). In contrast, deletion of 
sr10059 led to a small and reproducible reduction in spore formation of S. reilianum on maize 
(Figure 10). An analysis of protein localization revealed that a YFP-Sr10059 fusion protein 
localized in the nucleus of sorghum cells when expressed in sorghum protoplasts lacking the 
predicted secretion signal sequence (Nikolas Rackebrandt, personal communication). This 
suggests that Sr10059 is a fungal effector that when taken up by the plant is transported into 
the nucleus. The fact that the phenotype of the single deletion mutant was subtle may suggest 
that Sr10059 may affect a process that only marginally decreases defense reactions, or that the 
function of Sr10059 is redundant in S. reilianum. After the complementation experiment of 
re-introducing sr10059 into the deletion mutant, the next step worth to do is to localize the 
Sr10059 protein during colonization of maize by S. reilianum and, if it turns out to locate to 
maize nuclei, to check if nuclear localization is indispensable for effector function.  
Deletion of sr10060 leads to a slight increase in spore formation of S. reilianum on maize 
indicating a negative effect on virulence (Figure 12). In accordance, expression of Sr10060 in 
the ∆19A1A2 deletion strains led to a further reduction in virulence (Ghareeb, 2010). The best 
homolog of Sr10060 is Tin3 of U. maydis with 39% amino acid identity (um10556; Figure 8 
C). Tin3 was identified as one of the virulence effectors of cluster 19A of U. maydis and 
deletion of tin3 dramatically reduced tumor formation of U. maydis on seedling leaves 
(Brefort et al., 2014). In contrast to Tin3, Sr10060 lacks a predicted secretion signal sequence 
(SignalP4.1, D value > 0.5) and expression of sr10060 under control of tin3 promoter in the ip 
locus of the U. maydis Δtin3 mutants did not complement the mutant's virulence defect 
(Brefort, personal communication). Therefore, Sr10060 seems to have a different function in 
S. reilianum than Tin3 in U. maydis. The absence of a recognizable secretion signal sequence 
in Sr10060 is intriguing. If it is a non-secreted protein, its negative influence on virulence of S. 
reilianum would need to be indirect. By fusion to a fluorescent protein it could be tested 
whether or not Sr10060 is secreted from fungal hyphae of S. reilianum during plant infection.  
The effect of single gene deletion of the three most highly expressed genes in subcluster 19A5 
did not add up to the same reduction in spore formation as deletion of the complete region 
19A5. Several hypotheses may explain this result. Firstly, the other three genes (sr10056, 
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sr10021 and sr10058) in cluster 19A5 may also contribute to virulence even though they were 
not upregulated in ears of infected plants (Hassan Ghareeb personal communication). 
Secondly, the reduced virulence phenotype of the 19A5 deletion strains may not be caused 
by the lack of one single effector, but because the functions of effectors together. The 
subcluster 19A5 may contain several virulence-modulating genes with different effects on 
fungal virulence in its host plant, and the small contribution of individual genes to virulence 
may result from partial functional redundancy of several 19A5-encoded effectors. In 
Magnaporthe oryzae, the effector MC69 was the only effector found to affect fungal 
pathogenicity of 78 candidate effectors that were individually tested by targeted gene 
replacement, indicating that effector functions are highly redundant in M. oryzae (Saitoh et al., 
2012). 
4.2 Subcluster 19A4 contains genes that enhance virulence and suppress 
leaf tip death 
Previous studies conducted by Hassan Ghareeb showed that deletion of subcluster 19A4 led to 
decreased spore formation (Figure 6) and leaf tip death (Figure 7) (Ghareeb, 2010). In this 
study, two sub-deletion mutants of cluster 19A4 were created, 19A8 and 19A9, in which 
genes belonging to same gene families were simultaneously deleted (Figure 8), and the 
mutants were analyzed for virulence and leaf tip death phenotypes.  
Cluster 19A9 harbors three genes, sr10053, sr10054 and sr10055. sr10054 and sr10055 are 
supposed to encode secreted proteins and sr10053 is predicted to encode a trans-membrane 
protein. Of the genes of subclusters 19A8 and 19A9, sr10053 is the most highly expressed 
gene in S. reilianum inoculated maize leaves (Hassan Ghareeb, personal communication). 
Surprisingly, lack of sr10053 or lack of the complete region 19A9 did not change the ratio of 
plants showing leaf tip death (Figure 16) or virulence (Figure 19) of S. reilianum on maize in 
comparison to wild type. In U. maydis, syntenic homologs of the three genes exist, um05299, 
um05300 and um05301 that cluster together in cluster 19A-1a. Deletion of 19A-1a did not 
detectably alter the incidence of tumor formation on maize seedling leaves, although all three 
genes were expressed in U. maydis-colonized maize seedlings (Brefort et al., 2014). 
Apparently, this gene family does not contribute to virulence of S. reilianum or U. maydis on 
the tested maize lines under the tested experimental conditions.  
Subcluster 19A8 contains the three genes vag2, sr10051 and sr10052 that belong to one gene 
family, and that were predicted to encode secreted proteins (Figure 14). I could show that 
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deletion of subcluster 19A8 led to a reduction in virulence of S. reilianum (Figure 18) and 
increased the number of plants showing leaf tip death (Figure 17) on maize Gaspe Flint. All 
three genes have homologs in U. maydis: The best homologs of Vag2 are Um05295 and 
Um12302 of U. maydis, that of Sr10051 is the U. maydis protein Um10553, and that of 
Sr10052 is Um10554. These four genes plus Um05294 locate contiguously to the beginning 
of cluster 19A in U. maydis and form a family of related genes. This gene family has been 
shown to be essential for full virulence of U. maydis on maize seedling leaves, and the genes 
were named as tin1-1, tin1-2, tin1-3, tin1-4 and tin1-5 (Brefort et al., 2014). The effect on 
virulence could not be traced down to one tin1-gene in particular, so it was speculated that the 
individual contributions of these genes to tumor formation were small and additive. The tin1-
gene cluster deletion mutants induced the expression of endochitinases, SA-binding proteins, 
apoplastic peroxidase and NBS-LRR class disease resistance genes that could be involved in 
PAMP perception in maize, suggesting a role for the Tin1 proteins in suppression of basal 
immunity in maize (Brefort et al., 2014). The reduced virulence of S. reilianum 19A8 
deletion strains might also result from triggering maize immunity.  
The number of genes in 19A8 of S. reilianum is decreased compared to Tin1 genes in U. 
maydis, which might result from gene family evolution. Duplication of vag2 orthologs in U. 
maydis indicates an evolutionary pressure of keeping and modifying effector genes, and also 
suggests the importance of the effectors in virulence. In this study, it was shown that Vag2 
plays an important role in virulence of S. reilianum (Figure 22). Besides, evolution of effector 
genes indicates the development of resistance in maize (maybe in other maize lines) as well. It 
could be that this region in the last common ancestor of S. reilianum and U. maydis contained 
three genes, that later with the adaption to the immune system of the host, duplicated or were 
modified, and positively selected mutations helped to escape the recognition by newly 
evolved plant receptor proteins.    
4.3 Molecular function of Vag2  
Vag2 enhanced spore formation and suppressed leaf tip death on S. reilianum-inoculated 
maize Gaspe Flint (Figure 22, 24). As expected, vag2 was highly expressed in maize ears 
(Figure 26). A Vag2-GFP fusion protein was detected in and around hyphae that colonized 
maize leaves and inflorescences (Figure 31). When screening for interaction partners, Vag2 
was found to interact with cytoplasmic host proteins, suggesting that this effector is secreted 
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from fungal hyphae and taken up from the plant apoplast into the plant cytoplasm to suppress 
host defense or subvert host metabolism to promote virulence and suppress leaf tip death. 
4.3.1 Secretion and localization of Vag2  
Plant pathogens secrete a battery of effectors into the host apoplast to suppress host immunity 
or interfere with various host cellular functions. Secretion is usually mediated by the presence 
of a short signal peptide that ensures protein secretion via the ER-Golgi system, allowing 
glycosylation or other modifications to take place before secretion (Lodish et al., 2000). Vag2 
contains an N-terminal secretion signal peptide, suggesting that Vag2 passes through the ER 
before being secreted from the fungal hyphae during plant colonization (Figure 25). In leaves 
and ears of maize plants inoculated with ∆Vag2+Vag2GFP strains, the GFP signal was 
observed in and around the fungal hyphal tip, suggesting that Vag2 is indeed secreted by S. 
reilianum during plant colonization (Figure 31). However, the Vag2-GFP fusion protein could 
not complement the virulence function of Vag2 (Figure 30). One reason could be the blockage 
of Vag2 function by fusion of GFP to the C-terminal domain of Vag2. The C-terminal domain 
of Vag2 might be crucial for function, as shown for the RXLR effectors of oomycetes that 
carry the biochemically active effector domain at their C-terminal end (Schornack et al., 
2009). At the current state of research, it is unclear whether Vag2 functions in the apoplast or 
inside plant cells. However, several circumstances hint at a function within plant cells. The 
Vag2 protein carries only a single cysteine residue (C154) (Figure 25), while known apoplastic 
effectors are cysteine-rich (Doehlemann and Hemetsberger, 2013). In addition, a yeast two-
hybrid screen revealed that Vag2 could interact with several plant proteins that localize inside 
the maize cell cytoplasm (Table 7). When one of these interactions (Vag2 to ZmCm2) was 
verified by BiFC, Vag2 interacted with ZmCm2 and the complex localized to the nucleus and 
cytoplasm of the plant cells (Figure 34). Therefore, it is likely, that Vag2 is taken up into the 
plant cells. One possibility to explain the non-functionality of the Vag2-GFP fusion protein 
could therefore also be that fusion of GFP with Vag2 interferes with uptake by the plant 
possibly through covering the uptake signal or doubling the size of the original Vag2 protein. 
To clarify whether Vag2 is indeed taken up from the apoplast and functions in the maize 
cytoplasm, it would be worth to generate a functional tagged vision of Vag2, for example by 
fusion of Vag2 to a small tag at the N-terminal end of Vag2, which could then be used to 
visualize Vag2 localization in maize cells during the S. reilianum-maize interaction using 
immuno-fluorescence labeling.  
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4.3.2 Functions of Vag2 in virulence 
4.3.2.1 Potential interaction partners indicate putative functions of Vag2 
In this study, a set of potential interaction partners of Vag2 has been identified by yeast two-
hybrid analysis (Table 7). Identified potential interaction partners include several enzymes 
involved in primary metabolic pathways of the plant, several proteins that bind to DNA or 
RNA, and some proteins involved in signal transduction. Two potential Vag2-interaction 
partners − IP35 and IP39 − seem particularly interesting, although their interaction to Vag2 
still needs to be confirmed. Both of them encode uncharacterized proteins containing a 
STKc_MAP3K-like domain, which is a serine/threonine kinase domain involved in activation 
of mitogen-activated protein kinase (MAPK) kinase kinases (Marchler-Bauer et al., 2013). 
MAPK cascades consisting of MAP3K, MAP2K and MAPK, play important roles in both PTI 
and ETI signaling pathways in plant immunity (Pitzschke at al., 2009). Plant disease 
resistance is often conferred by proteins with serine/threonine protein kinase (S/TPK) 
domains. The S/TPK domain-containing protein Tsn1 from wheat was found to have a role in 
plant pathogen resistance (Stock et al., 1996; Faris et al., 2010). The barley R proteins Rpg1 
and Rpg5 both carry an S/TPK domain (Brueggeman et al., 2002, 2008). Tomato Pto gene 
encodes a Ser/Thr kinase that confers resistance to P. syringae strains harboring the avrPto 
gene. One possibility of how Vag2 might influence virulence is that Vag2 may suppress 
activation of MAPK cascades involved in PTI of maize by interaction with protein kinase 
domain-containing proteins. Vag2 is predicted to contain several protein phosphorylation sites 
(Figure 25), which might indicate that Vag2 is phosphorylated upon interaction with the 
protein kinase domain-containing proteins IP35 and IP39 that then would no longer be able to 
phosphorylate and activate the MAPK cascades involved in plant defense. A lack of MAPK 
inactivation could explain why vag2 deletion strains showed an increased exposure to H2O2 
at 1 dpi (Figure 34), which is one of the defense reactions triggered by PTI (Furukawa et al., 
2014). On the other hand, phosphorylation of Vag2 could also be necessary for interaction 
with IP35 or IP39; in this case, binding of phosphorylated Vag2 would interfere with activity 
of the serin/theronine protein kinases. In Pseudomonas syringae pv tomato (Pto) the effector 
HopQ1 was shown to be phosphorylated and phosphorylation was shown to be necessary for 
interaction with a tomato 14-3-3 protein and to promote bacterial colonization (Li et al., 2013). 
However, phosphorylation prior to kinase interaction is less likely, since Vag2 could interact 
with IP35 and IP39 in yeast, where the phosphorylating protein might be missing. In any case, 
interaction of Vag2 with IP35 or IP39 has to be verified by full length cDNA expression in 
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yeast two-hybrid and BiFC experiments. After verification of interaction, the next step could 
be to investigate whether the kinase domain of IP35 and IP39 is indispensible for interaction 
with Vag2. In addition, the effect of Vag2 binding to IP35 and IP39 could be tested by in-
vitro kinase activity assays of purified IP35 and IP39. Phosphorylation of Vag2 in maize 
could be tested by mass spectrometry of immunoprecipitated Vag2 protein purifications. 
IP2 is another interesting Vag2 interaction partner (Figure 33) that encodes a putative 
thiamine biosynthesis enzyme (ThiC) (Table 7). ThiC is an iron-sulfur protein involved in 
thiamin biosynthesis in plants that catalyzes the 5-amino-imidazole ribonucleotide (AIR) to 
generate 4-amino-2-methyl-5-hydroxymethylpyrimidine monophosphate (HMP-P), an 
intermediate in the thiamine biosynthesis pathway (Raschke et al., 2007). Thiamine was 
shown to be an activator of disease resistance by inducing systemic acquired resistance (SAR) 
in plants through induction of the salicylic acid and Ca
2+
-related signaling pathways (Ahn et 
al., 2005). In maize inoculated with S. reilianum f. sp. reilianum, a sorghum pathogen, 
thiamine biosynthesis genes were upregulated (Alana Poloni, personal communication). This 
may indicate that thiamine plays a role in disease resistance in maize. To find out if thiamine 
increases the resistance of maize to S. reilianum, virulence of S. reilianum on maize that was 
treated with thiamine should be tested. However, the function of the interaction between Vag2 
and ThiC is not clear yet. In-planta interaction should be confirmed before trying to find 
quantitative thiamin differences in tissues free of or colonized by S. reilianum.  
Among the Vag2 interaction partners whose interaction was confirmed in yeast (Figure 33, 
Table 7) is IP26, which is the regulatory subunit 6A of the 26S proteasome that functions in 
proteolysis of proteins and enzymes carrying ubiquitin chains. The ubiquitin/26S proteasome 
system, which consists of two main parts: the 20S core proteasome (CP) and the 19S 
regulatory particle (RP), plays an important role in regulating protein and enzyme 
concentration, turnover and degradation of defective proteins in cells (Vierstra, 2003). The 
regulatory subunit 6A is one of six ATP-dependent subunits in the 19S RP that is involved in 
recognizing and unfolding appropriate substrates marked by ubiquitin (Smalle and Vierstra, 
2004). Additionally, the ubiquitin/26S proteasome has been proven to function in regulating 
plant defense responses. For example, pathogen elicitors induce the expression of an ubiquitin 
ligase E3 (EL5) and ubiquitin-conjugation enzyme E2 (OsUBC5b) in rice, indicating a 
function of ubiquitin/26S proteasome in defense (Takai et al., 2002). Arabidopsis expressing 
a non-functional RING E3 ligase (hub1) display extreme susceptibility to Botrytis cinerea and 
Alternaria brassicicola (Dahan et al., 2001). And the Pseudomonas syringae pv. lachrymans 
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effector HopZ4 interacts with the proteasome subunit RPT6 to inhibit the host proteasome, in 
order to prevent host cell death (Ustun et al., 2014). The interaction between Vga2 and the 
26S protease regulatory subunit 6A may perturb the host ubiquitin/26S proteasome system to 
suppress host defense. Besides confirming the interaction of Vag2 with IP26 in planta, testing 
a possible function of this interaction is feasible by transient expression of a defense-inducing 
protein in N. benthamiana and testing if co-expression with Vag2 could reduce the defense 
since the 26S proteasome system is highly conserved. 
4.3.2.2 Vag2 suppresses SA-related maize defense to promote virulence 
Vag2 was detected to be able to interact with the maize chorismate mutase 2 (ZmCm2) in 
yeast (Table 7, Figure 33), and interaction was also shown in planta (Figure 34). Chorismate 
mutase is an enzyme at a pivotal position of the shikimate pathway. It catalyzes the 
conversion of chorismate to prephenate, the initial step in phenylalanine and tyrosine 
biosynthesis (Colquhoun et al., 2010; Tzin and Galili, 2010). Chorismate is also a precursor of 
the plant hormone salicylic acid (SA). SA can be synthesized in plants by two different 
enzymatic pathways. One is the phenylalanine ammonia-lyase (PAL) pathway and the other 
one is the isochorismate pathway (Chen et al., 2009). Both pathways require the primary 
metabolite chorismate (Wildermuth, 2006). However, the isochorismate pathway dominates 
the production of pathogen-induced SA (Wildermuthet al., 2001). In Arabidopsis, mutation of 
the isochorismate synthase 1 (ICS1) gene resulting in the SA induction-deficient2 (sid2) 
mutation, leads to an inability to increase the SA level upon pathogen infection (Wildermuth 
et al., 2001). The plant host SA signaling pathway is frequently attacked by pathogens. The 
secreted effector HopI1 of Pseudomonas syringae remodels host chloroplast thylakoid 
structure and suppresses SA accumulation (Jelenska et al., 2007). Phytophthora sojae and 
Verticillium dahliae secrete isochorismatases to disrupt host SA biosynthesis by degrading the 
SA precursor isochorismate (Liu et al., 2014). Several plant pathogens have been uncovered 
to hijack the host shikimate pathways by secreted effectors that interacted with host 
chorismate mutase (Bekal et al., 2003; Djamei et al., 2011). In addition, Arabidopsis plants 
expressing the bacterial nahG gene that encodes the SA-degrading enzyme salicylate 
hydroxylase, displayed increased susceptibility to pathogens (Delaney et al., 1994). Since SA 
plays a very important role as a signaling molecule in plant defense against biotrophic and 
hemibiotrophic phytopathogens (Vlot et al., 2009; Boatwright and Pajerowska-Mukhtar, 
2013), we speculated that by interacting with ZmCm2, Vag2 might influence the chorismate 
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flux from SA synthesis to biosynthesis of tyrosine and phenylalanine. This would lead to a 
decrease in synthesis of SA, which would support S. reilianum proliferation in the host.  
Measurement of the SA content of wild-type and ∆vag2 deletion strain colonized maize 
tissues revealed reproducibly but not significantly reduced SA levels in maize leaves and ears 
colonized with ∆vag2 deletion strains (Figure 36). Congruently, the SA indicator genes PR1 
and PR5 were up-regulated in maize leaves and ears colonized by ∆vag2 deletion strains 
(Figure 35). That the SA concentration was not significantly reduced in spite of detectable 
differences in SA indicator gene expression could result from choosing a time point for 
sample collection that was too late. Possibly, the SA level was already backing to normal 
while the gene expression was still on. Alternatively, the SA level might not have increased in 
the whole leaves but might have been restricted to the colonized vascular tissues. Therefore, 
when the total tissue was analyzed, the difference in total SA content may not be so evident 
between wild-type and ∆vag2 deletion strains. Possibly, measurement of SA levels of 
different maize tissues or collection of samples at earlier time points would lead to significant 
changes in the measured SA levels. 
Since there is another chorismate mutase in maize, ZmCm1. It would be interesting to know, 
whether Vag2 also interacts with the maize chorismate mutase1 (ZmCm1), and whether 
interaction with Vag2 alters activity of ZmCm1 or ZmCm2. To test the effect on enzyme 
activity, both plant proteins should be expressed in and purified from E coli, which allows in 
vitro-determination of enzyme activity in presence and absence of purified Vag2.  
4.3.3 How does vag2 suppress leaf tip death? 
Deletion of cluster 19A4 led to an increase of leaf tip death on the inoculated leaves (Figure 
6). Analysis of subdeletion strains identified two proteins that are responsible for this 
phenotype, Vag2 and Sr10051 (Figure 23). Introduction of vag2 or sr10051 in the 19A8 
deletion mutants showed that both genes could partially suppress the leaf tip death (Figure 24). 
The leaf tip death phenotype started with the wilting of the leaf tip at 9 dpi, and looked like a 
loss of water turgor inside the leaves. Then the leaf tip got more dry and died at 14 dpi. The 
development of the phenotype is different from programmed cell death (PCD) of plant tissue, 
in which the death rate is fast and localized or limited to a certain tissue or to certain cell types 
(Greenberg and Yao, 2004). The leaf tip death phenotype is also different from leaf 
senescence, which begins with the breakdown of the chloroplast (Lim et al., 2007) and a 
yellowing of the affected leaves. High levels of sugar or SA can lead to early leaf senescence 
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(Breeze et al., 2011; Guo and Gan, 2012) but neither SA nor sugars were observed to 
accumulate in leaf tips of plants inoculated with ∆vag2 deletion strains (Figure 36, 39).  
Leaf tip death usually occurred on green leaf tips, which might indicate death because of a 
lack of water in the leaf tips. Vag2 deletion strains hyper-proliferated in the inoculated maize 
leaves near the penetration site at 3 dpi (Figure 28), and at the penetration site induced H2O2 
production (Figure 29). However, the increased H2O2 levels did not stop fungal growth, and 
hyphae of vag2 deletion strains reached the nodes (Figure 28), and even arrived in the 
inflorescence to form spores (Figure 27). From this we speculated that the ∆vag2 deletion 
strains might invoke plant defense near the inoculation site, which increases as the strain 
hyper-proliferates in leaf tissue. This defense response may lead to the collapse of the xylem 
that functions in water transport, thus causing blockage of water transport near the inoculation 
site. To prove this hypothesis, microscopy of microtome-generated cross-sections of the 
inoculated leaves could be done, and the water conductivity of the inoculated leaves could be 
checked by evaporative flux analysis (Pivovaroff et al., 2014). 
4.4 S. reilianum hijacks the host metabolism  
Biotrophic plant pathogens colonize living tissue and therefore scavenge nutrients from their 
hosts. Currently very little is known about substrate utilization and carbon source 
sequestration by S. reilianum during maize colonization. In this study, I found that S. 
reiilanum-infected maize leaves showed increased glucose and fructose levels (Figure 39). 
This may be due to an increased conversion of sucrose to hexoses by invertases from either 
maize or S. reilianum. Transcripts of a maize cell wall invertase increased more than 20 times 
in S. reilianum-colonized leaves (A. Poloni, personal communication). Additionally, one 
putatively secreted S. reilianum sucrose invertase was upregulated when S. reilianum was 
colonizing maize leaves (H. Ghareeb, personal communication). Upregulation of invertases 
indicates the transition from source to sink tissue in maize leaves colonized by S. reilianum 
(Roitsch et al., 2003). Barley leaves infected with the powdery mildew Blumeria graminis 
exhibit increased invertase activity and accumulation of hexoses (Swarbrick et al., 2006). 
However, it is still unclear which carbon source S. reilianum takes from its host. The rust 
fungus Uromyces fabae mainly takes up hexoses as nutrients that are generated by a secreted 
fungal invertase in colonized broad bean leaves (Voegele et al., 2001). In addition, bean 
colonization induced expression of hexose transporters in the pathogen (Vogele et al., 2001; 
Jakupovic et al., 2006). However, the closely related U. maydis obtains nutrients from the 
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plant by upregulating the sucrose transporter Srt1 (Wahl et al., 2010). Srt1 localizes to the 
fungal plasma membrane during maize colonization, and is several orders of magnitude more 
efficient in sucrose uptake than the maize sucrose transporter (Wahl et al., 2010). Interestingly, 
expression of the Srt1 homolog in S. reilianum was not upregulated upon maize colonization 
(H. Gahreeb, personal communication), possibly indicating a different way of nutrient uptake 
by S. reilianum. To find it out, the contributions of different S. reilianum sugar transporters 
being highly expressed in planta to virulence should be tested by deletion and virulence 
assays.   
In this study several S. reilianum effectors have been identified to potentially work as 
virulence (Sr10050, Sr10051, Sr10052, Sr10057, Sr10059) or avirulence (Sr10060) effectors 
that impact spore formation of S. reilianum on the maize cultivar 'Gaspe Flint'. Three genes 
located in cluster 19A8 play an important role for spore formation and leaf tip death 
suppression, of which the virulence effector Vag2 was verified to contribute most to spore 
formation and partially to suppression of leaf tip death. Upregulation of SA-induced defense 
genes in maize tissues colonized by S. reilianum ∆vag2 strains indicated a function of Vag2 in 
suppression of SA related defense during maize colonization by S. reilianum. Metabolism 
profiling revealed the capability of S. reilianum to modulate host primary metabolism. All in 
all, I could show that the symptom formation of S. reilianum on maize cultivar 'Gaspe Flint' 
could be modulated by fungal effectors. To get a mechanistic insight into the function of 
Vag2, further studies as mentioned along the discussion need to be conducted.  
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6. APPENDIX 
6.1 Abbreviation  
Abbreviation Description 
A Aureobasidin A 
AD Activation domian of Gal4 transcription factor  
Ade Ademin 
AOX Alternative oxidase 
ATP Adenosine triphosphate 
BD DNA-binding domian of Gal4 transcription factor 
BIFC Bimolecular fluorescence complementation 
BSA Bovine serum albumin 
cDNA Complementary DNA 
DAB 3,3'-Diaminobenzidine 
DDO Double dropout 
DIG Digoxigenin 
DNA Deoxyribonucleic acid 
dNTPs Desoxynucleotid triphosphate 
dpi Days post inoculation 
EDTA Ethylenediaminetetraacetic acid 
ETC Electron transport chain 
ETI Effector-triggered immunity 
GFP Green fluorescent protein 
h hour 
Hyg Hygromycin 
Kan Kanamycin 
kb kilobase 
LB Lysogeny broth 
Leu Leucin 
LRR Leucine rich repeat 
M Molar (g/L) 
MAMP Microbe-associated molecular pattern 
MAPK/MPK Mitogen-activated protein kinase 
MEL1 Galactosidase metabolizes α-X-GAL to produce blue color 
NCBI National Center for Biotechnology information 
min minute 
NES Nuclear export sequence 
OD600 Optical Density at 600 nm 
PAGE Polyacrylamide gel electrophoresis 
PBS Phosphate buffer saline 
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PCD Programmed cell death 
PCR Polymerase chain reaction 
PD Potato dextrose 
PR Pathogenesis-related 
PRR Pathogen recognition receptor 
PTI Pathogen-triggered immunity 
RNA Ribonucleic acid 
ROS Reactive oxygen species 
rpm Rounds per minute 
RT-PCR Reverse transcription polymerase chain reaction 
SA Salicylic acid 
SDS Sodium dodecyl sulphate 
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SEM Standard error of the mean  
sr Sporusorium reilianum 
TAE Tris-Acetate + Na2-EDTA 
TBE Tris-Borate + Na2-EDTA 
TEMED N,N,N',N'-Tetramethylendiamine 
Trp Tryptophan 
Vag2 Virulence asociated gene 2 
WGA-AF Wheat germ agglutinin conjugated with Alexa Fluor 
wpi Week(s) post infection 
WT Wild type 
X α-X-GAL 
Y2H Yeast two-hybrid system 
 
6.2 Supplemental materials  
Supplemental Table S1. List of S. reilianum strains used in this study. 
Strain 
Name   Genotype Resistance 
Progenitor 
strain Reference 
SRZ2_5-1 a2 b2   - - Zuther, 2012 
SRZ1_5-2 a1 b1   - - Zuther, 2012 
YZ3 a2 b2 ∆sr10057#1 Hygromycin SRZ2_5-1 Habib,unpublished 
YZ4 a2 b2 ∆sr10057#2 Hygromycin SRZ2_5-1 Habib,unpublished 
YZ6 a2 b2 ∆sr10057#3 Hygromycin SRZ2_5-1 Habib,unpublished 
YZ10 a1 b1 ∆sr10057#1 Hygromycin SRZ1_5-2 Habib,unpublished 
YZ11 a1 b1 ∆sr10057#2 Hygromycin SRZ1_5-2 Habib,unpublished 
YZ12 a1 b1 ∆sr10057#3 Hygromycin SRZ1_5-2 Habib,unpublished 
Appendix                                                                                                                                     110 
 
 
YZ13 a2 b2 ∆sr10060#1 Hygromycin SRZ2_5-1 Habib,unpublished 
YZ15 a2 b2 ∆sr10060#2 Hygromycin SRZ2_5-1 Habib,unpublished 
YZ16 a2 b2 ∆sr10060#3 Hygromycin SRZ2_5-1 Habib,unpublished 
YZ18 a1 b1 ∆sr10060#1 Hygromycin SRZ1_5-2 Habib,unpublished 
YZ19 a1 b1 ∆sr10060#2 Hygromycin SRZ1_5-2 Habib,unpublished 
YZ22 a1 b1 ∆sr10060#3 Hygromycin SRZ1_5-2 Habib,unpublished 
YZ33 a2 b2 ∆19A8#1 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ34 a2 b2 ∆19A8#2 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ35 a2 b2 ∆19A8#3 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ36 a2 b2 ∆19A9#1 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ37 a2 b2 ∆19A9#2 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ38 a2 b2 ∆19A9#3 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ41 a1 b1 ∆19A9#1 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ42 a1 b1 ∆19A9#2 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ43 a1 b1 ∆19A9#3 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ57 a1 b1 ∆19A8#1 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ58 a1 b1 ∆19A8#2 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ59 a1 b1 ∆19A8#3 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ66 a1 b1 ∆sr10053#1 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ67 a1 b1 ∆sr10053#2 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ68 a1 b1 ∆sr10053#3 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ70 a2 b2 ∆sr10053#1 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ71 a2 b2 ∆sr10053#2 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ72 a2 b2 ∆sr10053#3 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ73 a2 b2 ∆vag2#1 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ74 a2 b2 ∆vag2#2 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ75 a2 b2 ∆vag2#3 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ78 a1 b1 ∆vag2#1 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ80 a1 b1 ∆vag2#2 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ81 a1 b1 ∆vag2#3 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ82 a2 b2 ∆sr10051#1 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ83 a2 b2 ∆sr10051#2 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ84 a2 b2 ∆sr10051#3 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ87 a1 b1 ∆sr10051#1 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ88 a1 b1 ∆sr10051#2 Hygromycin SRZ1_5-2 Zhao, unpublished 
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YZ89 a1 b1 ∆sr10051#3 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ103 a2 b2 ∆sr10052#1 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ104 a2 b2 ∆sr10052#2 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ105 a2 b2 ∆sr10052#3 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ109 a1 b1 ∆sr10052#1 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ110 a1 b1 ∆sr10052#2 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ111 a1 b1 ∆sr10052#3 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ115 a2 b2 ∆sr10053#1 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ116 a2 b2 ∆sr10053#2 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ118 a2 b2 ∆sr10053#3 Hygromycin SRZ2_5-1 Zhao, unpublished 
YZ121 a1 b1 ∆sr10053#1 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ122 a1 b1 ∆sr10053#2 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ123 a1 b1 ∆sr10053#3 Hygromycin SRZ1_5-2 Zhao, unpublished 
YZ150 a2 b2 ∆19A8+sr10050#1 Nourseothricin YZ33 Zhao, unpublished 
YZ151 a2 b2 ∆19A8+sr10050#2 Nourseothricin YZ33 Zhao, unpublished 
YZ152 a2 b2 ∆19A8+sr10050#3 Nourseothricin YZ33 Zhao, unpublished 
YZ156 a1 b1 ∆19A8+sr10050#1 Nourseothricin YZ57 Zhao, unpublished 
YZ157 a1 b1 ∆19A8+sr10050#2 Nourseothricin YZ57 Zhao, unpublished 
YZ158 a1 b1 ∆19A8+sr10050#3 Nourseothricin YZ57 Zhao, unpublished 
YZ160 a2 b2 ∆19A8+sr10051#1 Nourseothricin YZ33 Zhao, unpublished 
YZ161 a2 b2 ∆19A8+sr10051#2 Nourseothricin YZ33 Zhao, unpublished 
YZ162 a2 b2 ∆19A8+sr10051#3 Nourseothricin YZ33 Zhao, unpublished 
YZ166 a1 b1 ∆19A8+sr10051#1 Nourseothricin YZ57 Zhao, unpublished 
YZ167 a1 b1 ∆19A8+sr10051#2 Nourseothricin YZ57 Zhao, unpublished 
YZ168 a1 b1 ∆19A8+sr10051#3 Nourseothricin YZ57 Zhao, unpublished 
YZ272 a2 b2 ∆vag2+vag2:gfp#1 Nourseothricin YZ75 Zhao, unpublished 
YZ273 a2 b2 ∆vag2+vag2:gfp#2 Nourseothricin YZ75 Zhao, unpublished 
YZ274 a2 b2 ∆vag2+vag2:gfp#3 Nourseothricin YZ75 Zhao, unpublished 
YZ276 a1 b1 ∆vag2+vag2:gfp#1 Nourseothricin YZ80 Zhao, unpublished 
YZ277 a1 b1 ∆vag2+vag2:gfp#2 Nourseothricin YZ80 Zhao, unpublished 
YZ278 a1 b1 ∆vag2+vag2:gfp#3 Nourseothricin YZ80 Zhao, unpublished 
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Supplemental Table S2. List of oligonucleotides used in this study. 
Name Sequence  Use for amplification of 
oHM07 CGCATCATCATGGACAACTG Left flank of knockout construct for 
sr10057 
oHM08 ATCTAGGCCATCTAGGCCGCTTATCCGAAGGC
TATTGG 
Left flank of knockout construct for 
sr10057 
oHM09 ATCTAGGCCTGAGTGGCCCAGCCTTCTGTAGA
GCAATC 
Right flank of knockout construct for 
sr10057 
oHM10 TGCGTCAAACACATGGAGTC Right flank of knockout construct for 
sr10057 
oHM11 CAGGACGCATTTGCAGACTC Whole knockout construct for sr10057 
oHM12 GAGCCAGTCCGAAGCAACAC Whole knockout construct for sr10057 
oHM13 AAGAGCGACGATTTCCCTTC Left flank of knockout construct for 
sr10060 
oHM14 ATCTAGGCCATCTAGGCCTAGCTTGACCGTCTC
ATACC 
Left flank of knockout construct for 
sr10060 
oHM15 ATCTAGGCCTGAGTGGCCTGAATCTTCCCAGCT
GAGAC 
Right flank of knockout construct for 
sr10060 
oHM16 TGAGGAGCATGAGCTCTTAG Right flank of knockout construct for 
sr10060 
oHM17 TGCCGCTTTCTCGGAGTTTG Whole knockout construct for sr10060 
oHM18 ACGCACGGGATGTTAACTCG Whole knockout construct for sr10060 
oYZ001 TTGGCTCGGCGTTCATTGTC Left flank of knockout construct for 
19A9 
oYZ002 ATCTAGGCCATCTAGGCCTAGCAGTCTCGTTG
GTTTCC 
Left flank of knockout construct for 
19A9 
oYZ003 ATCTAGGCCTGAGTGGCCTATCGTCTGGCACG
ATACCG 
Right flank of knockout construct for 
19A9 
oYZ004 CTCGCACCTTGGAAGTACTG Right flank of knockout construct for 
19A9 
oYZ005 TTTCGCTCCGCAGCTGACAC Left flank of knockout construct for 
19A8/sr10050 
oYZ006   ATCTAGGCCATCTAGGCCCAACCTGTCGGACT
CAGTTG 
Left flank of knockout construct for 
19A8 
oYZ007 ATCTAGGCCTGAGTGGCCCAGCAACCAGGTGC
ACTGAG 
Right flank of knockout construct for 
19A8 
oYZ008   GCCTGTGTCGAACTGACAAC Right flank of knockout construct for 
19A8 
oYZ009 TGCTCTCCCACCACTTCATC Whole knockout construct for 19A9 
oYZ010 GGAGGCGAATGCGCCATTTG Whole knockout construct for 19A9 
oYZ011 CTTCGTCGGATGCAAGCTAC Whole knockout construct for 19A8 
oYZ012 CTTCTTACAGAGCCCGTAAC Whole knockout construct for 19A8 
oYZ14 ATCTAGGCCTGAGTGGCCTCTACTCCTTGCCTC
TGCAT 
Right flank of knockout construct for 
sr10053 
oJS387 ATCCCTCGCCGTTACTTGC Right flank of knockout construct for 
sr10053 
Appendix                                                                                                                                     113 
 
 
oYZ19 AATGAACTGGCGTCGGTCTG Whole knockout construct for sr10053 
oYZ22 ATCTAGGCCTGAGTGGCCTGACTTTTATTCCGC
ACAGC 
Right flank of knockout construct for 
sr10050 
oSP50 GCAAGGGCAGAATGCTGTCC Right flank of knockout construct for 
sr10050 
oYZ27 ATCTAGGCCATCTAGGCCGAAGACTTTCATGG
CTAGAG 
Left flank of knockout construct for 
sr10050 
oYZ29 TTTGGCGGTACGATCCCTTC Whole knockout construct for sr10050 
oYZ23 ATCTAGGCCATCTAGGCCAGCTCAGAAGCACT
CATTCG 
Left flank of knockout construct for 
sr10051 
oSP47 TCTCAGCGTCAAGAGTATGC Left flank of knockout construct for 
sr10051 
oYZ24 ATCTAGGCCTGAGTGGCCCTTACAAAGCTATG
CAGTCG 
Right flank of knockout construct for 
sr10051 
oYZ25 CGGGTGGTTTGTGTTAGAG Right flank of knockout construct for 
sr10051 
oYZ30 AGAGTATGCAGCGCGACTCC Whole knockout construct for sr10051 
oYZ31 GAGCCTTGATCATGTGTCG Whole knockout construct for sr10051 
oSP49 CGAAGCCGACGATGATGAGG Left flank of knockout construct for 
sr10052 
oYZ26 ATCTAGGCCATCTAGGCCATGAACAGGTGCAT
GGTGCG 
Left flank of knockout construct for 
sr10052 
oYZ28 CTGGCGGAAGCGCTCTATAC Whole knockout construct for sr10052 
oJS360 GTGATTTCAGCTCCGATTCC Left flank of knockout construct for 
sr10059 
oYZ32 ATCTAGGCCATCTAGGCCATGTCGCTGAAGGT
GGATCG 
Left flank of knockout construct for 
sr10059 
oYZ33 ATCTAGGCCTGAGTGGCCGTCATGGGTAGGTG
TAAAC 
Right flank of knockout construct for 
sr10059 
oYZ34 GCTGGGAAGATTCAGCAAAG Right flank of knockout construct for 
sr10059 
oSP63 CCGGCTCGACTCAGATTTGG Whole knockout construct for sr10059 
oYZ35 GTAAGTAGCAACGGCGAGAC Whole knockout construct for sr10059 
oYZ58 GGATTTCATCGGCAACTCAC qRT-PCR for  
S. reilianum gapdh 
oYZ59 TACCACGAGACGAGCTTGAC qRT-PCR for  
S. reilianum gapdh 
oYZ68 TTTCAGCGTGTGGGTTTGTC qRT-PCR for vag2 
oYZ69 AGCTCCTCGAACACCTCATC qRT-PCR for vag2 
oYZ82 GCCTGAATTCACACATTCATCCAAGCGTCC sr10050∆SP for pGBKT7-sr10050∆SP 
oYZ83 GATACTGCAGTCAGGGTTCCCACGACGGCA sr10050∆SP for pGBKT7-sr10050∆SP 
oYZ66 ATCTAGGCCATCTAGGCCCGGCAGATCTGATA
TCATCG 
egfp for sr10050:egfp 
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0YZ85 AAGGAGGCCAAGGAGGCCGCTGCAAAGGCAG
CCGCCGTGAGCAAGGGCGAGGAGCTG 
egfp for sr10050:egfp 
oYZ86 TCCTTGGCCTCCTTGGCCGCTGCCTCTGCAAGG
GGTTCCCACGACGGCAATC 
Left Flank for sr10050:egfp construct 
oBH73 ACCTCACCGACCACCTAATG qRT-PCR for maize actin 
oBH74 ACCTGACCATCAGGCATCTC qRT-PCR for maize actin 
oYZ123 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCA
CACATTCATCCAAGCGTCC 
Gateway cloning vag2 into pDONR201 
oYZ124 GGGGACCACTTTGTACAAGAAAGCTGGGTCTC
AGGGTTCCCACGACGGCAATC 
Gateway cloning vag2 into pDONR201 
oYZ125 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCG
ACGCGGCGGGCGGCGACCAG 
Gateway cloning zmcm2 into 
pDONR201 
oYZ126 GGGGACCACTTTGTACAAGAAAGCTGGGTCTC
AGTCGAGGCGGCGCAGGAG 
Gateway cloning zmcm2 into 
pDONR201 
oYZ96 ACTACGTGGACCCGCACAAC qRT-PCR for maize PR1 
oYZ97 CGGAGTGGATCAGCTTGCAGTC qRT-PCR for maize PR1 
oYZ94 TATCGGCCGGAATAGGCTCTG qRT-PCR for maize PR5 
oYZ95 CGCGTACATACAAATGCGTGC qRT-PCR for maize PR5 
oBH73 ACCTCACCGACCACCTAATG qRT-PCR for maize actin 
oBH74 ACCTGACCATCAGGCATCTC qRT-PCR for maize actin 
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6.3 Vector maps 
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